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Foreword 


OLUME 65 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1943 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1945 
Society Records and Index. The technical papers and reports that make 
up this volume represent the Society's annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presenced at meetings of the Society and its professional divi- 
sions and local sections and were published in monthly issues, eight being dis- 
tributed as the Traasactions of The American Society of Mechanical Engi- 
neers and four as the Journal of Applied Mechanics. Indexes to other A.S.M.E. 
papers and publications will be found on page RI-79 at the end of this volume. 

In view of the factthat material of which this volume is composed was origi- 
nally issued periodically as Transactions, Journal of Applied Mechanics, and 
Society Records, thre sets of page numbers will be found. Numbers without 
letter symbols are thike of the eight issues of the Transactions, those with letter 
svmbol A preceding the number refer to the pages of the Journal of Applied 
Mechanics, which follow, and those with letter symbol RI to the Society Rec- 
ords section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the vear 
for the convenience of libraries and of engineers who wish all of the papers 
in permanent form. Copies of the bound Transactions will be found in de- 
positories located ir selected engineering, university, and public libraries 
throughout the world. A complete list of these depositories will be found on 
pages RI-75 to RI-78 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1945, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees and memorial biographies. The Index 
provides a means of locating special A.S.M.E. publications and articles in 
Mechanical Engineering as well as those in the Transactions. 
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Strength Characteristics of Plastic-Bonded 
Plywood 


By G. B. PARSONS,' NEW YORK, N. Y. 


New methods of molding plywood by the bag process, 
combined with new adhesives, have opened a wide range of 
possibilities for the use of plywood in aircraft construction. 
This paper explains some of the more important advan- 
tages of plastic-bonded plywood and presents some of the 
pertinent basic-strength characteristics. The prediction 
is made that in the near future with gluing technique ad- 
vancing rapidly, a thin metal covering glued to a plywood 
core will be used to great advantage in airplanes having 
high wing loadings. Such construction will combine the 
high axial strengths of the metals with the good buckling 
characteristics of the thicker plywood construction. 


HEN a few years ago engineers made possible the pro- 

V \ duction of aluminum in quantity at low cost the air- 

craft designer decided that here finally was the perfect 
material for which he had been searching. So great was the 
swing from wood to aluminum that the former was almost com- 
pletely forgotten. 

With the present situation demanding immediate production of 
an almost unbelievable quantity of planes, the aviation industry 
finds itself confronted with a problem of increasing scarcity of 
material. All around one hears the cry, “Give us the aluminum 
and our production will go up 50 per cent”’ This request is an 
impossibility so aircraft designers have had to turn once again 
and rationally investigate the part that wooden structures can 
play in the present crisis. The trend in most cases has been to- 
ward the use of plastic-bonded plywood for nonstructural parts; 
such as flaps, ailerons, tail cones, or any compound-curvature 
parts that have presented trouble to the manufacturer. 

New methods of molding plywood with new adhesives have 
opened an entirely new field in which possibilities are unlimited 
and in which there are very few available data on basic-strength 
characteristics, 

The purpose of this paper is to discuss some of the many 
advantages of this plastic-bonded plywood and to compile some 
of the pertinent basic-strength characteristics. 

The strength-to-weight ratio of wood has long been a talking 
point of engineers interested in wooden construction. Wood by 
itself had numerous disadvantages which limited its application 
and helped cause the trend toward complete aluminum struc- 
tures. Wood alone has a low resistance to splitting along the 
grain, a low tensile and compressive strength across grain, a 
rather low shearing strength, and an affinity for moisture. These 
disadvantages had to be overcome to a large degree before wood 
could again compete with the low-density metal alloys. Ply- 
wood appeared to be the answer to most of the problems, but 
plywood by itself could not be forced into compound curvatures or 
very sharp single curvatures in one direction without setting up 
initial internal stresses which made it unreliable. This led to the 
development of the so-called bag-molding process as used today. 


1 Chief of Stress, Duramold Aircraft Corporation. 

Contributed by the Aviation Division and presented at the Semi- 
Annual Meeting, Cleveland, Ohio, June 8-10, 1942, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Process 


In this process, thin veneers are placed either in an inside or 
outside mold having the contour desired and a rubber blanket 
placed over the entire lay-up and clamped around the edges, 
The mold is then placed in a tank and heat and pressure applied. 
Usually this heat and pressure are obtained by steam which 
forces the blanket down upon the veneers and distributes the pres- 
sure evenly over the entire surface. The temperature and time 
required in this tank are dependent upon the cycle of the glue 
used and the thickness of the panel. By use of these thin veneers, 
the internal stresses introduced are negligible. The part upon 
removal from the tank then usually requires only a simple finish- 
ing operation and the assembly of attaching fittings. 

The glue used in this process is either in the form of thin sheets 
or a liquid glue spread on the veneers. The use of Tego film which 
is of the sheet type, has been found to be very satisfactory since 
the amount of glue may be more easily controlled. This con- 
trolled glue line is quite important if panels are to be spliced to- 
gether for if there is too deep a penetration of the glue into these 
thin veneers, a problem of getting a bond on scarfed joints arises. 

The glues used are of one of two main categories: either thermo- 
setting or thermoplastic. Thermosetting glue jis glue which éx- 
periences a chemical change under heat in which water is given off. 
It may be compared for analogy to cement, in that once it is set 
by the condensation of this water it can never be made liquid 
again, even under boiling conditions. 

Thermoplastic glues, on the other hand, experience no chemical 
change but rather jell upon setting and can be transformed again 
to their original state by heat. They might well be likened to 
butter or wax. 


BALANCED CONSTRUCTION FOR PLywoop 


In the construction of plywood by this process, it was soon 
found that a balanced construction was necessary, because of the 
different characteristics across and along grain directions. By a 
balanced construction is meant that veneers be symmetrically 
located in respect to thickness, grain direction, and species about 
the center line of the panel. If this procedure is not followed, 
warping of the panel will be evident immediately upon removal 
from the tank. 

By the use of thin veneers and careful lay-up, a panel that is 
practically isotropic may be developed. This lay-up causes a 
decrease in allowable tensile and compressive values from the 
plain wood when forces are parallel to the grain but increases 
greatly the shear allowables of the panel. In practice, since 
there is usually a predominating stress occurring at a certain 
section, the veneers can be arranged in the most desirable manner 
to accommodate this stress. 

Taking for illustration the design of a monocoque wing, it can 
be demonstrated how easily adaptable a plywood construction is. 
By careful design of veneer construction, it is possible to have 
highly predominating grain direction on the top and bottom skins 
where the tension and compression stresses due to bending are the 
major consideration. Then as we move along the contour and 


more nearly approach the neutral axis, longitudinal- or spanwise- 
grained veneers can be tapered out until a lay-up of approxi- 
mately as many spanwise- as chordwise-grained veneers exists. 


‘ 
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At this point the tension and compression stresses are at a mini- 
mum, and the shear stress is the design criterion. Thus by care- 
ful designing this anisotropic material can be made to work very 
efficiently. 


MorsturRE CONTENT OF Woops USED IN PLywoop CoNsTRUCTION 


An important correction that must be made in all computations 
for allowable strengths of wood members is that of moisture con- 
tent. As a piece of wood becomes drier, the majority of its 
strength characteristics are increased rapidly. The obvious con- 
clusion is to use very dry woods and to put a protective coating on 
the surface in order to keep this moisture content as low as 
possible. However, experience has shown that the stress at the 
proportional limit increases at a greater rate than does the 
modulus of rupture or the modulus of elasticity. The material 
seems to lose ductility in a dried-out condition, and there is a very 
limited plastic-flow range before failure takes place. It is evident 
that local concentrations of stresses in a dry material offer a much 
more difficult problem. 

From the standpoint of gluing, if the moisture content is too 
low a starved glue joint is liable to occur. It was determined 
(1)? that a moisture content of approximately 7 to 9 per cent was 
the most efficient in affording a good bond between the veneers. 
If the moisture content of the wood is quite high a longer time is 
necessary in the tank operation. This may result in a boiling out 
of moisture from the cellular structure of the wood with a conse- 
quence of low ductility and a brittle material resulting. This is 
not a question of tensile strength since it has been shown, in , 

4 6 6 10 


tests made on European woods by Gerngross at the Technical 
University of Berlin (1), that the effect of heating to 284 F for iz 14 16 16 20 22 24 
varying periods of time had little effect on the tensile strength. Moisture Content % 

There have been numerous articles written on determination of 
strength characteristics for different moisture contents. In a 
bulletin published by the U. S. Department of Agriculture (2) an 


Fic. 1 Moisture Content RELATIONSHIP 


equation method is developed which affords a fairly accurate 2/ ee 
means of estimating strength characteristics for a desired moisture ad SITKA SPRUCE 
content from values obtained for two other moisture contents. 
The formula as given is 491 
S S 
log Sp = log Sc + (C — D) log Care bee (1] 


where A, B, C, and D are percentages of moisture content; S,, 
Sp, Sc, Sp are corresponding strength values, S, and S, being 
known strength values for moisture content A and B from tests. 
Term Sc equals either S, or Sg, and C equals the corresponding 
value of A or B. 

Using this relationship and values of A, B, S,4, and Sg from 
Table 1 of the same reference, the author has here plotted the 
strength - moisture content curves for five woods commonly used 
in the aircraft industry, i.e., birch, spruce, red gum, basswood, 
and yellow poplar. These resulting curves for modulus of elas- 
ticity, modulus of rupture, and compression parallel to the grain 
are given in Figs. 1 to 5, inclusive. The values for African 
mahogany, as plotted in Fig. 6, were obtained from a paper by 
G. E. Heck (3). These graphs are plotted with 12 per cent mois- 
ture content as unity, since this is more or less the standard 
adopted. To correct to 12 per cent moisture any specimen with 
known moisture content it is necessary only to divide the value 
obtained at the known moisture content by the value read from 
the curve corresponding to the strength characteristic in question. 


Mopvtwvs or ExasticiTy 


One of the first things an engineer must know about a substance e 4 €"6 10 Te 16 18 20 22 2% 
is its modulus of elasticity. In this regard, wood presents a little Moisture Content 7o 

2 Numbers in parentheses refer to the Bibliography at the end of Fie. 2 Sitka Spruce; Srreneru- Moisture Content RELATION- 
the paper. SHIP 
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Fic. 3) Rep Gum; - MoisturRE ConTENT RELATIONSHIP 


Fic. 4 Basswoop; STRENGTH - MoistuRE CoNnTENT RELATIONSHIP 
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more difficult problem since each species has a different value 
parallel and perpendicular to grain direction. Therefore, some 
means must be found to calculate the modulus of elasticity for 
any construction of plies and species. There have been few data 
published on the modulus of elasticity across the grain of wood. 
However Gassner (4), in a paper presented before the Institute of 
Aeronautical Sciences, offers an ingenious means of working 
backward from test data on three-ply panels to determine from 
these data the apparent modulus of the single veneer. Data 
published in Table 2:2 of ANC-5 (5) give values for column- 
bending moduli of three-ply panels determined from column- 
bending tests on three-ply panels having veneer thicknesses equal 
and using the same species throughout. In order to determine 
the apparent moduli for the single veneers, an analysis must first 
be made of the stress distribution across a plywood panel sub- 
jected to bending loads. For a homogeneous material the dis- 
tribution is well known, and the stress at any point developed 
by the beam theory is given by the formula 


where f = stress at any point 
M = moment at section in question 
C = distance of fiber from neutral axis of section 
I = moment of inertia of entire section 


This relationship is based on the assumption of the beam theory 
that plane sections remain plane after bending. It immediately 
follows that the stress distribution across a plywood panel, where 
the modulus of elasticity of the separate veneers changes, is not in 
the form of a straight line. Since the strain must vary as a 
straight line from the neutral axis, it is evident that the stress at 
any point is dependent upon the modulus of elasticity of the 
veneer in question. 


Letting Ey = modulus of elasticity of veneer in question 
Ep; = apparent modulus of elasticity of entire panel 
Ay = strain of specific veneer 
Ap = strain of extreme fiber of panel 
Iy = moment of inertia of veneer about neutral axis 
of panel 
Ip = moment of inertia of entire panel about neutral 
axis of panel 
fy = stress in veneer in question 
C = distance of veneer from neutral axis of panel 
r = radius of curvature of panel when subjected to 
bending moment 


dA = infinitesimal area at point in question 
My = moment carried by veneer in question 
Mp = total moment on panel 
it follows from Hooke’s law 
ty = E V Ay Trees [4] 
Cc 
r 


(See any text on strength of materials.) 
This force is balanced by an equal and opposite force at the 
same distance on the other side of the neutral axis. 


EyC dA 
EyC dAC 
[7] 


But since the sum of the internal moments must equal the external 
moment applied 
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Ey C?dA 
M, = (9] 
r 
I Mp Mp 
SE,C*dA Ep, I> (10 
From Equation [10] it inmediately follows that 
P 


Ey C 


substituting fy = in Equation [10]. 


The stress at any point in a plywood panel is equal to 


MpC Ey 
Ip Ep; 


7, = 


Now, for a three-ply panel, letting 


E, = modulus of easticity of face veneer 


Ee = modulus of easticity of core veneer 
Ep; = modulus of elasticity of panel 
I, = moment of inertia of face veneer about neutral axis of 
panel 
I, = moment of inertia of core veneer about neutral axis of 
panel 


I, = moment of inertia of panel about neutral axis 
t = thickness of panel 


If all veneers are of the same thickness 


I, = I, = 3/12 
and 2/, = 1, —I, = — t8/324 
t ts t 
dividing both sides by ¢?/12 
0.968 E, + 0.087 Eo (14] 


Obtaining from ANC-5 (5) values of F,, for three-ply panels, 
having a grain direction of the face veneers both parallel and per- 
pendicular to the loading, simultaneous equations may be set up 
and solved yielding the moduli of elasticity for the separate 
veneers. These values have been obtained and are given in 
Table 1 of this paper, corrected for 12 per cent moisture content. 
These values should be checked for accuracy from values ob- 
tained from multi-ply| panels. 


} 
TABLE 1 BASIC STRENGTHS OF SIX AIRCRAFT WOODS2 


Parallel to grain———. —Perpendicular to grain— 
Modiilus Modulus 


© Ten- Com- of Ten- Com- 
elasticity, sion pression elasticity, sion pression 
Species 10.0 stress, stress, 000 stress, stress, 
Phi psi psi psi psi psi 
eee 2130 16600 8170 106.5 810 399 
ae, 1367 10200 5610 51.4 384 211 
Red gum....... 1535 11900 5800 56.9 442 215 
Basswood...... 1160 8700 4730 36.8 276 150 
Yellow poplar.. 1511 9200 5290 54.6 333 191 
African 
mahogany.... 1335 10700 5670 101.6 855 432 


@ Based on 12 per cent moisture content. 

Nore: The values of modulus of elasticity were calculated by means of 
the formula evolved in |his paper and from values of three-ply panels from 
Table 2:2 ANC-5 (5). 

The values of tensiom and compression parallel to pe are taken from 
Table 1 of reference (2) for the fret five species. The values for African 
mahogany are from reference (3). 

‘The values of tension and compression perpendicular to grain were deter- 
mined by multiplying the values for parallel to the grain by the rates of 

/EL. 
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Having the modulus of elasticity of each veneer in a composite 
panel, the determination of the apparent modulus for bending 
characteristics can readily Be made. 

When a member composed of different materials is subjected 
to an axial load the strain in the panel must of necessity equal 
the strain in each component part. Also the total force required 
to strain the panel to this position must be equal to the total of 
the forces in the component parts. Considering for simplicity a 
three-ply panel composed of the same species veneers, it can 
readily be shown that 


Ep,Ap t, ty Ey Ay + E.A, {15] 


where Ep, = modulus of elasticity of panel 
4, = strain of face veneers 
A, = strain of core veneer 
t, = total thickness of face veneers 
t, = thickness of core veneer 
t, = thickness of panel 


but since A, = A, = A, 
t t, 
ty ty 


It has thus been shown that when using a material of this type 
care must be exercised in choosing the correct modulus for the 
loading applied. 


ALLOWABLE TENSION AND COMPRESSION VALUES OF PLYwoop 
PANELS 


Employing the same obvious reasoning that the deflection of 
each veneer in a panel must be equal to the deflection of the panel 
and assuming elastic properties of veneers up to failure, a method 
of least work may be applied to a panel to determine allowable 
tension and compression stresses for the separate veneers. 

Assuming first that all veneers in the panel are of the same 
species and letting 


A, = deflection of veneers with grain longitudinal or in direc- 
tion of applied load 

Ar = deflection of veneers with grain transverse or perpen- 
dicular to direction of load 


fp = stress in panel 

fr, = stress in longitudinal veneers 

fr = stress in transverse veneers 

t, = total thickness of longitudinal veneers 

tr = total thickness of transverse veneers 

tp = total thickness of panel 

E, = modulus of elasticity of longitudinal veneers 

E;, = modulus of elasticity of transverse veneers 
Then Sptp = ful [17] 
but ti = ALE, and fr 


solving for a relationship between f, and fp 


since 
4, = Sr 
fu _ 
fr Er 
Er 
Therefore Sotp = Situ t+ E, [18] 


For simplification, if X = percentage of longitudinal veneers, and 
Y = percentage of transverse veneers 


100fp = Xf, + {19} 
L 


It can safely be assumed then that the longitudinal veneers fail 
first and, therefore, using the modulus of rupture and maximum 
crushing strength of the longitudinal veneers the tension and com- 
pression allowables for a panel may be calculated. These allow- 
able values for the six woods described are given in Table 1. 

The assumption that elastic qualities hold up to failure should 
not cause too great an error, since the elastic limit of wood is quite 
close to the ultimate. Also the ratio of E,/Ey appears to be 
greater than the ratio of modulus of rupture longitudinally to 
modulus of rupture transversely. 

If a panel is so constructed that the longitudinal veneers are of 
different species the strength of the panel is evidently dependent 
upon the strength of the weaker species and the allowable strength 
of the stronger veneer must be reduced so that f, = (E,/E,')f,'. 


Poisson’s Ratio ror A Moutti-PLty PANEL 


Very few data have been published on the value of Poisson’s 
ratio for various species of wood. In a paper by C. F. Jenkins 
(6), these values are given for four species of wood. Knowing 
these basic values Poisson’s ratio for a complete panel may be 
calculated. 


Let uz, = Poisson’s ratio for veneers having longitudinal grain 
in direction of loading 
ur = Poisson’s ratio for veneers having transverse grain in 
direction of loading 
up = Poisson’s ratio for entire panel in direction of loading 
Epp = modulus of elasticity of panel for axial load in direction 
of loading 
Epr = modulus of elasticity of panel for axial load perpen- 
dicular to direction of loading 
App = deflection of panel in direction of loadiag 
Apr = deflection of panel perpendicular to loading 
A = deflection of longitudinal veneers perpendicular to 
direction of loading if unrestrained 
B = deflection of transverse veneers perpendicular to direc- 
tion of loading if unrestrained 


Considering first a three-ply panel, Fig. 7 


E,,’ E, 


App —B = Az, 


A 


A — Apr = Apr; 


Forces must be equal 


XE,A —XEyApr = YE, Apr — YE,B (21] 
XE,A+YE,B 
Apr = YE, XE; [22] 
E E 
+ Yur Se 
Apr = [23] 
YE, + XBe 
but by Maxwell’s theorem 
Bs 
E 
(X + ¥) 
Apr = [24] 
YE, + XE; 
a Xfi + Yfr 


100E pp 
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Arr— ORIGINAL CROSS 
4 a SECTION 
Ar’ SECTION 
SEC A-A 


Fie. 7 CoNnstTrRucTION OF THREE-PLY PANEL 


YE, + XEp = 100E pr 
and X + Y = 100 


solving 


This proof is again based on the assumption that the panel is 
composed of veneers of the same species throughout and, as be- 
fore, if dissimilar veneers are used, a correction factor depending 
upon the ratio of the moduli of elasticity of the two materials 
must be introduced. 

Knowing the bending modulus of elasticity of the panel and 
the value of Poisson’s ratio, it is felt that the shear modulus may 
be calculated from the formula found in any standard text on 
strength of materials 


Using this relationship and basic values of uz, obtained from 
Jenkin’s report (6) the value of modulus of rigidity of a three-ply 
spruce panel checks fairly accurately with values suggested in 
ANC-5 (5). 


CoNCENTRATED Loaps ON PLywoop PANELS 


Probably the main disadvantage up to this time in wooden 
structures for aircraft use has been the question of attaching 
fittings which involve high concentrations at the point of attach- 
ment. An excellent example is the connection required to attach 
an outer panel or a complete wing to a center-section panel or 
fuselage. ‘The magnitude of the loads involved has necessitated 
a large number of bolts spread out over a considerable distance 
because of the low bearing value of bolts in wood. The intro- 
duction of these bolt holes has greatly reduced the efficiency of 
the wood at this point, and the bolts required have greatly in- 
creased the weight of the construction. 
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The idea suggested by the Forest Products Laboratory, Madi- 
son, Wis., of introducing at these critical sections impregnated- 
compregnated wood seemed a practical solution. This process 
requires the impregnation of wood locally with a urea-formalde- 
hyde solution, and the application of rather high pressures to 
obtain a very dense material. This wood then has very high 
bearing values and is impervious to moisture-content changes. 
The difficulties encountered thus far in the application of this 
process have been the high pressures required and the control of 
the amount of impregnation. 

With the development of a new adhesive, capable of gluing 
metal to metal or metal to wood, this problem of local concentra- 
tions seems to have been solved. One of the advintages of this 
new adhesive is the fact that it requires the same cycle as pres- 
ently used in the bag-molding process, making it possible to 
introduce locally a plate having high bearing strength sandwiched 
between the veneers of the panel. Tests run on this adhesive 
have given almost unbelievable results. At room temperature, a 
shear allowable of 2000 psi and a tension value of 1000 psi are 
very conservative. 

The trend in the plastic-bonded-plywood field has been toward 
true monocoque construction, requiring the shell to carry all 
loads. In such a construction the introduction of necessary 
access holes and cutouts for such items as landing lights causes 
concentration of stresses around these sections, which concentra- 
tions are far more critical than in the conventional skin-stringer 
construction. The use of this new glue makes it possible to in- 
troduce into the panel around these holes a plate of aluminum or 
some other material to act as a doubler plate. These plates can 
be placed in position during the lay-up of the panel, and the 
necessary holes cut through later. The only requirement evident 
at present is that the plate introduced should have the edges 
tapered gradually so that a not too abrupt change in section is 
obtained. 

If the metal plate is placed on the center line of the plywood 
panel, or if two plates are glued at similar distances from the cen- 
ter line so that balanced construction remains, there will be no 
warping evidenced. However, if a metal plate be glued to one 
side of a panel, the moment introduced by the difference in ther- 
mal contractions upon cooling of the panel and plate, and the 
radius of curvature of the warping can be calculated quite easily 
if the coefficients of expansion of the materials are known. 


CONCLUSION 
The author has prepared Table 2 to compare the basic-strength 


TABLE 2 RELATIVE STRENGTHS OF VARIOUS MATERIALS 


Allowable loads 
lock 
com- 
Thick- Tension, ression, Shear, 
: Specific ness, Ib per in. lb per in. Ib per in. 
Material gravity in. width widt width EI 
24 ST Al. 
alloy .... 2.77 0.052 3200 3200 1924 120.7 
24 SRT Al. 
alloy .... KA 0.052 3380 3380 2030 120.7 
1025 Steel.. 7.85 0.019 1045 1045 665 16.0 
4130 Steel. . 7.85 0.019 1810 1810 1045 16.6 
Magnesium 
alloy.... 1.80 0.080 2560 2560 1530 277.3 
Spruce..... 0.40 0.358 3650 2010 412 5230.0 
Plywood: 
Birch 
face | 0.66 0.205 1918 1304 460¢ 1488.6 
Poplar 
core } 
Mahog. 
face | 0.58 0.247 1738 956 950¢ 1598.4 
Poplar | 
core 


a Estimated. 

Notre: The plywood panels are constructed of either birch or African 
mahogany face veneers of 1/20 and longitudinal grain direction, and having 
five and seven, respectively, yellow poplar veneers of 1/48 between the faces. 
These poplar veneers have the outside veneer longitudinal, and then succes- 
sive veneers have grain directions at right angles. 


+ 
E 
100u, Epp 
L 
(x 
E, 
E 
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values of plastic-bonded plywood with those of other materials 
popular in aircraft manufacture. The table is based upon unit 
width of material and is so arranged that the specific gravity 
multiplied by the thickness remains a constant. At first glance 
it appears that plywood is quite far down the list in strength 
characteristics but this is not necessarily the case. In aircraft 
construction, the design criterion is usually one of buckling which 
is dependent upon the E/ or stiffness value of the panel under 
consideration. It its because of this buckling phenomenon that 
in thin-metal construction, stringers and stiffeners must be added 
throughout to increase the effective width of sheet capable of 
carrying compressive loads. Although this addition of stringers 
and stiffeners strengthens the sheet and makes it capable of carry- 
ing the load applied, anyone who has ever done any flying will 
vouch for the fact that wrinkles are still very much in evidence. 
To avoid these wrinkles which are evidently harmful to airfoil 
shapes and laminar-flow characteristics requires a construction 
in thin metal which is heavy, costly, and quite impractical. 
Plywood on the other hand having such a high value of stiffness 
factor HJ and allowing the use of a much thicker section has no 
tendency toward wrinkling and can with comparative ease be 
designed to prevent buckling from occurring. 

It has been demonstrated in a series of tests conducted by the 
author’s company that plywood has the ability to carry apprecia- 
ble loads after buckling. Since all airplanes are designed to 
carry a 50 per cent overload, it is possible to design plywood 
wings to avoid buckling up to the loading of any normal flight 
condition and to allow buckling to occur safely above this load. 
This factor, combined with the fact that there are no rivet heads 
or skin laps to interfere with air flow, greatly enhances its applica- 
tion in high-speed airplanes. Since the elastic limit is very near 
the ultimate in wood, the advantage of having elastic deformation 
for any normal flight loads is apparent. 

Contrary to public opinion, plywood fabricated with the 


resinous products used today has a greater resistance to fire than 
has an equal weight aluminum-alloy part. This is especially 
true when in the presence of flaming oil or gasoline. 

The added advantage of having bullets leave clean holes in 
plywood and the ability to repair with ease such holes makes this 
material especially attractive in the present crisis. 

These are but a few of the many advantages of this material. 
Designers are today thinking of its application as a substitute for 
the now precious metals but are discovering in its application the 
many advantages to be obtained from its low cost, ease of 
fabrication, and good strength characteristics. 

It is firmly believed that with gluing technique advancing at so 
rapid a pace it will not be in the too distant future that the 
application of a thin metal covering glued to a plywood core will 
evidence itself in airplanes having extremely high wing loadings. 
This construction—long a dream of aircraft designers—will com- 
bine the high axial strengths of the metal with the good buckling 
characteristics of the thicker plywood constructions. 
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Bearing Strength of Plastics and Plywood 


By JAMES BOND,! LAWRENCE, KAN. 


This paper reports the results of tests carried out under 
the supervision of Prof. Earl D. Hay in the materials-test- 
ing laboratory of the University of Kansas to determine 
the bearing strength of commercially available high- 
impact molded and laminated plastic sheets and resin- 
bonded birch plywood. Curves are shown for load versus 
deformation in per cent of bearing-pin diameter, and 
load versus permanent set in per cent of bearing-pin 
diameter. The tests demonstrated the inferiority of 
plywoods in bearing strength as compared with the 
reinforced plastics. Heating in most cases improves the 
bearing strength of specimens, while soaking them in 
water definitely decreases their strength, as compared 
with results on specimens conditioned at room tem- 
perature and a relative humidity of 55 per cent. 


LASTICS are being used today in many and varied applica- 

tions, but as yet few actual design data as to their physical 

characteristics are available. It was with this in mind that 
the development of a method for determining the bearing strength 
of several reinforced plastics was undertaken. The test methods 
discussed in this paper are applicable to all types of plastics. 


MATERIALS AND APPARATUS 


The test specimens used in these tests were prepared from 
sheets of six different types of commercially available plastics, 
namely, laminated-canvas phenolic plastic '/; in. thick; molded 
macerated-filled phenolic plastic °/i. in. thick; laminated-paper 
phenolic plastic, grade XX, 3/2 in. thick; 3-ply birch plywood 
0.11 in. thick made with !/y-in-thick veneers; 7-ply birch ply- 
wood 0.14 in. thick made with 1/4s-in-thick veneers; and 27-ply 
birch plywood !/; in. thick made with */«s-in-thick veneers. The 
plywoods were bonded with phenolic-resin film. Henceforth in 
this paper these materials will be referred to as canvas, macerated, 
XX, 3-ply, 7-ply, and 27-ply, respectively. 

The specimens were cut to size with an ordinary hollow-ground 
circular saw and the bearing hole, which was #/; in. diam, was 
drilled and reamed to size. Care was taken to avoid charring the 
material while drilling in order that true results could be obtained 
from the tests. The plywood specimens were cut to a size of 11/, 
in. X 1'/s in. and, in the case of the 3-ply and 7-ply specimens, 
enough sheets were stacked together to give an approximate 
thickness of !/; inch. The other three specimens were cut to a 
size of 13/, in. X 1!/s in. This slight increase in size was made 
in order to be sure that the specimen would fail in bearing rather 
than in some other manner. 

The specimens were conditioned in three different ways. One 
set of specimens was placed in a desiccator over a saturated solu- 
tion of calcium nitrate. This solution maintained a relative 
humidity of approximately 55 per cent in the desiccator. An- 
other set of specimens was immersed in water at a room tempera- 
ture of approximately 70 F. The third set of specimens was 
placed in a drying oven which was maintained at a temperature 
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of 160 F. All specimens were allowed to remain in their condi- 
tioning medium for a period of at least 96 hours before any test- 
ing was done. The specimens were tested immediately upon re- 
moval from the conditioning medium. The tests required ap- 
proximately 10 to 15 min ites for completion. 

The testing was done in a Riehle 40,000-Ilb testing machine, 
Fig. 1, at room temperature, and the loads were applied and 
removed at a rate of 0.0529 in. per min. The specimens were 
placed in a jig, Fig. 2, which is similar to the one proposed for this 
type of testing by the Glenn L. Martin Company. This jig con- 
sists essentially of two heavy metal plates separated by two 
spacer blocks. A plunger slides between the spacer blocks and 
impinges upon the top of the test specimen. This test specimen 
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is held in place by a bearing pin which runs through the side plates 
and the specimen, and is constructed of #/;-in. ground and 
polished drill rod. In this jig, the part of the specimen above the 
bearing pin is compression-loaded when a force is applied to the 
plunger. The part of the specimen below the bearing pin is 
essentially unstressed and the deformation, attributable to bear- 
ing pressure is measured at this point through the use of a multi- 
plying lever. The multiplying lever has two purposes; i.e., it 
places the Ames dial gage in a more convenient place for reading, 
and it also multiplies the deformation so that less error will be 
made in reading small deformations. The multiplying lever used 
in these tests was 5 in. long. By means of this lever readings may 
be made directly to 0.0002 in. Deflections were not measured 
until the rapid initial deformation had occurred in the test speci- 
mens (0.5 to 1 min). The test jig was accurately centered be- 
tween the crossheads of the testing machine so that the load would 
not be applied eccentrically. 


Loap Versus DEFORMATION TEST 


The United States Army Air Corps has proposed a test to 
determine the bearing strength of plastic materials.? In this 
test, the maximum allowable bearing load is to be that load 
which causes a deformation in the plastic equal to 4 per cent of 
the diameter of the bearing pin. This test can be performed 
quite easily with the jig previously described. A load is placed on 
the specimen and the deformation is noted when the machine is 
balanced. A series of readings was taken from zero loading up to 
a loading which gave a deformation in the specimen equal to 
approximately 7 per cent of the bearing-pin diameter. 

The test was run using specimens prepared as previously noted. 


2 “Structural Plastics in Aviation,” by J. B. Johnson, Modern 
Plastics, Nov., 1941, p. 214. 
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TABLE 1 BEARING STRENGTH TESTS—LOAD VERSUS 
DEFORMATION 


Load causing a deformation equal to 4 per cent 
of bearing-pin diameter on specimens 
conditioned for 96 hr at— 

70 F and 55 per cent 
160 F, relative humidity, 70 Fin water, 


— 


Material psi psi psi 


The tabulated results for the bearing load at the loading which 
gave a deformation equal to 4 per cent of the diameter of the 
bearing pin appear in Table 1. Eight specimens of each material 
were tested for the 55 per cent conditioning treatment, and the 
data were averaged to obtain the curves shown in Fig. 3. Four 
specimens were used for the conditioning treatment at 160 F, 
and for the water immersion, and the data averaged to obtain the 
curves shown in Figs. 4 and 5. 


Loap Versus PERMANENT Ser Test 


A test for determining the bearing strength of plastics has been 
proposed in which the maximum allowable bearing load is to be 
that load which causes a permanent set in the material equal to 
0.2 per cent of the bearing-pin diameter.’ For plastic materials 
which do not have a well-defined yield point, an arbitrary index 
of elastic strength must be chosen which takes into consideration 
the amount of permanent deformation a material can have with- 


3 “Proposed Specifications for Structural Thermosetting Plastics,’’ 
Glenn L. Martin Co. Engineering Report No. 1482, April, 1941. 
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out appreciable structural damage. For other materials not 
having a well-defined yield point, a limiting set of 0.2 per cent 
has been found satisfactory for locating the yield strength. 
Therefore it seemed logical to assume a limiting value of 0.2 per 
cent permanent set in determining the applied bearing stress of 
structural thermosetting plastics. 

In this test, the specimen was loaded to about 10 per cent of 
the maximum bearing load as determined by a preliminary test, 
the load and deformation were recorded, and the load was then 
removed at the same rate at which it was applied until zero load- 
ing was reached. The deformation at zero loading was recorded 
as the permanent set for that loading. A series of these tests was 
run from zero loading up to a loading which gave a permanent 
set to the specimen of approximately 2 per cent of the diameter of 
the bearing pin. The test specimens were conditioned as pre- 
viously noted. The tabulated results for the bearing load at that 
loading which causes a permanent set equal to 0.2 per cent of the 
diameter of the bearing pin are indicated in Table 2. Average 
curves of load versus permanent set were plotted for all six types 
of material conditioned in the three different ways, using 4 to 8 
specimens for each condition as in the deformation tests. They 
appear in Figs. 6 to 8, inclusive. 


TABLE 2 BEARING STRENGTH TESTS—LOAD VERSUS 
PERMANENT SET; 0.2 PER CENT 


Load causing a permanent set equal to 0.2 per 
cent of bearing-pin diameter on specimens 
-_—— —conditioned for 96 hr at-—— 


70 F and 55 per cent 


—~ 


d 160 F relative humidity, 70 F in water, 
Material psi psi psi 
4100 8100 4200 
5700 10700 6900 
12600 3100 9300 
1000 1900 300 
4 = — 
meee CANVAS 
em MACERATED 
TALY CANVAS 
32000 
28000 
24000 
20000 
LOAD VS. DEFLECTION 
16000 
12000 
8000 
7-PLY 
5 25 


10 15 20 
DEFLECTION—THOUSANDTHS OF AN INCH 
3 4 6 
DEFLECTION—PERCENT BEARING PIN DIAMETER 
Fia. 5 


OF PLASTICS AND PLYWOOD 


Discussion oF RESULTS 


The unit bearing pressure for both tests was determined from 
the formula S, = P/1.57rl, in which S, equals the unit bearing 
pressure in pounds per unit area, P equals the applied force in 
pounds, r equals the radius of the bearing hole, and / equals the 
thickness of the specimen.‘ The formula is evolved assuming 
that the radial pressure distribution varies as a cosine curve with 
the pressure equal to zero at the sides of the bearing hole and a 
maximum at the center. If the radial pressure had been assumed 
constant, the formula would have become S, = P/2rl. This last 
equation is used in practice because of its simplicity, but the 
first equation represents a better approximation of the true unit 
bearing pressure. 

Load Versus Deformation. In the test as proposed by the 
Army Air Corps, heating at 160 F for 96 hr increased the bearing 
strength of the specimens and soaking in water at 70 F for 96 hr 
decreased their bearing strength, as compared to the strength of 
those specimens conditioned at room temperature and 55 per cent 
relative humidity. The bearing strength in this test is equal to 
the loading required to cause a deformation in the specimen equal 
to 4 per cent of the diameter of the bearing pin. 

The canvas and XX products had the greatest bearing strength 
of the materials tested and were followed closely by the macerated 
material. The plywoods were definitely inferior to the rein- 
forced plastics of higher resin content. The bearing strength of 
the plywoods in the dry condition (heated at 160 F) was approxi- 
mately 3 times as great as that observed for the same materials 
in the wet condition. The 7-ply product had the highest bearing 
strength of the group of plywoods. Its superiority to the 27-ply 
product, which was made with the same thickness of veneer 
('/4s in.) and same resin film, can possibly be attributed to less 
complete curing of the resin in the thicker material. The lower 
bearing strength of the 3-ply product can be explained on the 
basis of the lower resin content of this plywood which was made 
with 1/.-in. veneer. 

Load Versus Permanent Set. In the load versus permanent set 
test, the proposed limiting value of permanent set, 0.2 per cent 
of the pin diameter, amounted to only 0.00075 in. or a dial read- 
ing of 3.75 divisions. This means that, in order for a test to be 
run with any degree of accuracy, the gage which measures de- 
flection must have no lost motion. The type of dial gage used 
gives accurate readings when the dial readings are increasing; 
but when the readings start to decrease they cannot be assumed 
to be entirely accurate because of the inherent lost motion in 
reversing the direction. It would seem logical to assume that 
there is considerable error in determining a permanent set as 
small as 0.2 per cent because of failure of both instrument and 
specimens to respond in a reproducible way. Therefore, it is 
believed that no conclusions can be drawn from the erratic results 
shown in Table 2. 

TABLE 3 BEARING STRENGTH TESTS—LOAD VERSUS 
PERMANENT SET; 1.6 PER CENT 


Load causing a permanent set equal to 1.6 per 
cent of bearing-pin diameter on specimens 
-—————conditioned for 96 hr at 

70 F and 55 per cent 
160 F, relative humidity, 70 F in water, 


Material psi psi psi 
35200 28600 
13800 8800 4800 
14700 9400 5200 
eda 8500 6400 3900 


In order to get allowable unit pressures, comparable to those 
as found by the load versus deformation test, permanent sets up 
to 3 per cent of the bearing-pin diameter were encountered with 


‘Strength of Materials,” by N. C. Riggs and M. M. Frocht, 
Ronald Press, 1938, p. 55. 
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an average value of about 1.6 per cent. Bearing loads which give 
a permanent set of 1.6 per cent have been read from the curves 
in Figs. 6 to 8 and are shown in Table 3. These data are in agree- 
ment with the conclusions derived from the deformation data. 


SUMMARY 


The specimens used in these tests were representative of com- 
mercially available high-impact molded and laminated plastic 
sheets and resin-bonded birch plywood. The testing was done in 
a jig similar to that proposed by the Glenn L. Martin Company, 
for making bearing tests on sheet plastics. Two main types of 
test were run, i.e., load versus deformation and load versus 
permanent set. Curves were plotted for load versus deformation 
in per cent of bearing-pin diameter, and load versus permanent 
set in per cent of bearing-pin diameter. 

Three sets of test specimens were used: One set was conditioned 
in a desiccator at 55 per cent relative humidity for 96 hr; one set 
was immersed in water at room temperature of approximately 
70 F for 96 hr; and one set was placed in a drying oven in which 
the temperature was maintained at approximately 160 F for 96 
hr. The main tests were done at 55 per cent relative humidity, 
and the other two tests were run to determine the effect of ex- 
tremes in temperature and moisture upon the bearing strength 
of the specimen. 

The plywoods were definitely inferior to the reinforced plastics 
in bearing strength. In nearly all cases heating improved the 
bearing strength of the specimens and soaking in water de- 
creased their bearing strength, as compared to that observed for 
the specimens conditioned at room temperature and a relative 
humidity of 55 per cent. 

The proposed load versus deformation (4 per cent of bearing- 
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pin diameter) test gave much more satisfactory results than did 
the proposed load versus permanent set (0.2 per cent of bearing- 
pin diameter) test and, in addition, was easier to perform. For 
these two reasons the former test is the more desirable. 
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Discussion 


W.N.Frinptey.® In the load-deformation diagrams which Mr. 
Bond has shown, Figs. 3, 4, and 5 of the paper, he noted a curva- 
ture at the initial part of the load-deformation diagram followed 
by a straight-line portion and a final curved region. The initial 


curved portion which he observed was not uniform in all tests 
but was sometimes concave upward and sometimes concave 
downward. 

This suggests that perhaps a lag occurred in the instrument 
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which might have affected the results. Multiplying-lever-type 
of extensometers and deformation gages, such as those which 
Mr. Bond used, are frequently subject to an initial lag. This 
lag is the result of elastic deformation of the instrument under 
the frictional forces involved in its movement. Backlash, if 
present, may also contribute to this lag, or it may also produce 
the opposite effect to a lag depending upon the initial conditions 
of the instrument. As a result of this effect the load-deformation 
curve plotted from the uncorrected data will usually not go 
through the origin even for materials as truly elastic as spring 
steel, and no attempt should be made to force the curve through 
the origin. 

If the foregoing should be the cause of the shape of curve which 
the author found, then it would be possible that the values of 
bearing strength which he obtained from the load, corresponding 
to a deformation equal to 4 per cent of the bearing-pin diameter, 
might be seriously in error. 

An examination of the load versus permanent set curves, Figs. 
6, 7, and 8 of the paper shows a characteristic similar to that for 
the load-deflection curves. This also suggests that instrument 
lag may have influenced the results. If the curvature at the foot 
of the diagrams in Figs. 6, 7, and 8, has arisen from this cause, 
one method of avoiding the trouble would be to measure the set 
at a certain positive value of load, rather than at zero load. It 
would then be possible, when decreasing the load, to back off 
below the “set’’ load, then increase to the “set” load. This 
might avoid some if not all of the difficulty from backlash. 

A third method called the ‘‘offset’’? method has two advantages 
to recommend it. This method determines the load at which 
the load-deformation curve deviates from a straight line by a 


specified amount® rather than the load which will produce a given 
deformation, as in the “4 per cent deformation” method. It 
requires much less time to perform than the permanent-set 
method, while yielding just as reliable results. 

In the offset method a load-deformation test is run and a 
load-deformation diagram plotted. A smooth curve is then 
drawn through the plotted points and extrapolated downward, as 
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a straight line, until it cuts the axis of zero load, see Fig. 9 of 
this discussion. Then the specified offset is measured from this 
point of intersection, and a straight line is ‘drawn parallel to the 
straight-line portion (or foot) of the curve and at the desired 
offset; see Fig. 9 of this discussion. The intersection of this 
line with the load-deflection curve is the desired bearing load. 

In order to eliminate possible variations between specimens, 
the author averaged the data from several specimens and then 
plotted the result. The writer feels that this practice tends to 
obscure the trend and characteristics of the data. <A better 
practice might be to obtain the bearing strength from each test 
separately and then average these values of bearing strength. 
This method also makes the detection of errors of observation 
much easier. 

Since the bearing-strength test is designed primarily to evaluate 
the ability of a material to resist the bearing stress encountered 
in riveted joints, rather than to evaluate a basic property of the 
material, the writer questions the advisability of using the 
equation (S, = P/1.57rl) which the author used in calculating 
his bearing strengths. If the bearing strength calculated by 
this equation were used in the design of a riveted joint by the 
usual method, the bearing strength of the joint would be about 
30 per cent weaker than expected. This would be due to the 
fact that the equation usually used is (S, = P/2rl) instead of 
the equation as given by the author. 

The actual distribution of stress in a riveted joint is uncertain 
because, in such a joint, there is usually not a close fit between 
the shank of the rivets and the holes in the plates. Thus, it may 
be argued that attempts to calculate anything but an average 
stress on an individual rivet are of doubtful value. 

The writer has applied the offset method to the author’s 
load-deformation curves Figs. 3, 4, and 5. The results for 


6 This method is widely used to determine the yield strength of 
materials in tension, compression, and torsion tests; see ‘‘Standard 
Definitions of Terms Relating to Methods of Testing,’”’ designation 
E 6-36, American Society for Testing Materials, ‘‘Book of Standards’”’ 
1939, part 1, p. 779. 


: 
HA 


14 TRANSACTIONS OF THE A.S.M.E. 


TABLE 4 RESULTS OF APPLYING OFFSET METHOD 


Bearing strength for 0.2 per cent offset (Sp = P/2rl, psi) 
Material Hot 55 Per cent Wet 
Macerated............. 23000 18400 
21600 
7500 
Bearing strength for 1.6 per cent offset (Sp = P/2rl, psi) 
Material Hot 55 Per cent Wet 
30600 
12800 10200 


values of offset of 0.2 per cent and 1.6 per cent are shown in 
Table 4 of this discussion for all of the author’s curves for which 
the data were sufficiently conclusive. The fact that the data 
for these curves were averages of several tests, together with the 
fact that the plotted points were not shown, made determination 
of the bearing strength by the offset method impossible in 
some cases. The values shown were computed from the usual 
equation (S, = P/2rl). It will be noticed that this method 
yields consistent results for values of offset as small as 0.2 
per cent. However, the writer feels that larger values of offset 
such as one or two per cent would be more useful for plastics. 

Mr. Bond has reported bearing tests of plastics which were 
subjected to three different conditioning procedures. It may 
be of interest to mention here the effect of such conditioning 
procedures on the compression strength of plastics as determined 
at the University of Illinois. In these tests, three groups of 
specimens from the same material were conditioned in three 
different ways similar to the procedures used by the author and 
then stored in a constant-temperature, constant-relative-humid- 
ity atmosphere. Specimens from each group were then tested 
in compression at successively longer intervals of time following 
the conditioning. The data show that a period of time of about 
one month was required for the weight and strength of the 
plastics tested to return to the value which obtained before the 
material was subjected to the conditioning procedure. Thus 


it would appear that very precise test results might be difficult 
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to obtain without rather long periods of conditioning at constant 
temperature and relative humidity. 


AvuTHOR’s CLOSURE 


The author is in agreement with Mr. Findley as to the possi- 
bility of an initial lag or backlash being present in the measuring 
instrument. This fact was pointed out in the paper. It is entirely 
possible that these factors affected the results of these tests but 
not to the extent Mr. Findley infers. The largest error present 
which could be attributed to these irregularities is 4 per cent and 
it occurs but twice in eighteen graphs. 

The offset method of interpreting results from a load-deforma- 
tion curve is a very desirable method. In its final analysis it is 
merely a refinement of the load-deformation test. 

As stated in the preface, this paper deals with the methods 
of determination of allowable bearing pressure, not with the actual 
determination. For this reason it is of little consequence so far 
as this paper is concerned whether or not the allowable unit 
bearing pressure is calculated from the formula S, = P/1.57rl 
or S, = P/2rl. Therefore it seems that while Mr. Findley’s 
remarks along this line are of value in explaining the reasons for 
the calculation of an average stress rather than a specific stress 
in determining bearing strengths, they are not pertinent. 

As regards Table 4, the author is not quite clear as to what Mr. 
Findley regards as “sufficiently conclusive data.’ The fact that 
the curves were averages of several tests and that the plotted 
points were not shown should not make impossible the use of the 
offset method in certain cases, for it is a method applicable to 
any curve. If it is applicable to one curve, witness Table 4, it 
should be applicable to practically any curve. As a matter of 
record the author was able to fill in several of the blanks in Mr. 
Findley’s Table 4 by the application of the offset method. 

It is not understood what Mr. Findley means by ‘consistent 
results” as regards the results given by the offset method at 0.2 
per cent, inasmuch as there is only one curve to show the per- 
formance under loading of the specimens conditioned in each of 
the three ways. These curves can certainly not be considered to 
be consistent with themselves, and it would be entirely out of 
reason to expect the different type materials to react in a like 
manner when subjected to loading. 
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Applications and Unusual Physical 
Properties of Synthetic Rubbers 


By OTIS D. COLE,' AKRON, OHIO 


This paper deals with some of the applications and more 
or less unusual physical properties of several of the com- 
mercial rubber-like synthetic materials on the market or in 
advanced stages of development at the present time. The 
materials which are considered as ‘‘synthetic rubbers’’ 
fall into four classes: (a) Buna S types or copolymers of 
butadiene and styrene; (6) Buna N types, or copolymers 
of butadiene and acrylonitrile; (c¢) Neoprenes, or poly- 
chloroprenes, or copolymers of chloroprene with other 
materials; and (d) Butyl rubber, a copolymer of isobuty- 
lene and butadiene. The Thiokols or organic polysul- 
phide polymers might be included among the “‘synthetic 
rubbers’”’ by some, but, although they appear to be vul- 
canizabie, their thermoplasticity makes them useful only 
to a limited degree in places where elasticity and other 
rubber-like properties at higher temperatures are desired. 
Details concerning Buna S type polymer, adopted by the 
Rubber Reserve Company for use in tires and asa general- 
purpose rubber, are discussed. Some interesting data on 
the efficiencies of various synthetic rubber compounds as 
compared to those of natural rubber compounds at high 
and low temperatures are shown. Data are also given 
which indicate that the proper choice of plasticizer is im- 
portant for compounds to be used for oil-resistant gaskets, 
sealing rings, and the like. 


ITH over 90 per cent of the sources of our crude-rubber 

V \ supply in the hands of the Japanese, and the shipping 

facilities for the remainder more or less in jeopardy, 

the rubber situation in this country is really serious. Were it not 

for the foresight of the managements and the unremitting labor 

of the research and technical staffs of the various organizations 

concerned in the development of the so-called synthetie rubbers, 
the future would look much more dismal than it does at present. 


SEARCH FOR RuBBER-LIKE MATERIALS 


In the last few years the activity in research laboratories all 
over the country has been increasing steadily, and several ma- 
terials have been developed which are approximately equal to 
natural rubber in most respects and for some purposes are better 
than the natural product. These materials are the result of 
systematic testing and selection of literally thousands of experi- 
mental materials in each class until only a few which have the 
desired characteristics remain. Each of these was selected for 
commercial use because of certain outstanding characteristics 
which make it desirable. So far, the producers are to be com- 
mended for the relatively few materials which have been intro- 
duced to the industry. This fact is more readily appreciated 
when one considers that it is possible more or less to “‘tailor-make”’ 
a material for each special purpose. It is appreciated greatly by 


1 Research Laboratory, The Firestone Tire & Rubber Company. 

Contributed by the Rubber and Plastics Subdivision of the Process 
Industries Division and presented at the Semi-Annual Meeting, 
Cleveland, Ohio, June 8-10, 1942, of THz AMeRICAN Society oF 
MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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the rubber compounders who are in the throes of a revolutionary 
change in thinking from terms of natural to those of synthetic 
rubber. 

There are numerous articles in the literature on the preparation 
and compounding of various types and varieties of synthetic 
rubbers and the characteristics of the products made from them. 
A comprehensive summary of the literature up to June, 1940, 
was given by Wood (1).2, Other more recent contributions are 
those of Schade (2), Street and Ebert (3), Street and Dillon (4), 
and Sebrell and Dinsmore (5). Comprehensive discussions of the 
processes involved and the economics of the synthetic-rubber 
industry are given by Cramer (6) and Bridgwater (7). 

It should be pointed out that the term “synthetic rubber” is 
actually a misnomer. In order for the name to be true, it would 
be necessary for the synthetic materials to be identical chemically 
with natural rubber, which is not the case. These products should 
more properly be called ‘‘synthetic rubber-like materials.”” How- 
ever, because of common usage they will be referred to in this 
paper as synthetic rubbers. 

The idea of synthetic rubber is not new. As long ago as before 
and during the first world war the Germans were making a 
material called ‘‘methyl rubber’? by the polymerization of di- 
methylbutadiene. This material was far from satisfactory in 
its properties, but was rather closely related chemically to natural 
rubber, which can be considered a polymer of methylbutadiene, 
or isoprene. Because of the failure of such a closely related ma- 
terial, the work on synthetic rubber resolved itself into a search 
for materials which, regardless of chemical structure, had the 
flexibility, strength, and elasticity of natural rubber, with or 
without its shortcomings. This search has led to the discovery (in 
some cases accidental) and development of the class of materials 
we know today as synthetic rubbers. 


CLASSES OF SYNTHETIC RUBBER 


In addition to the class of synthetic rubber-like materials, there 
are available other materials which have some rubber-like char- 
acteristics. In this group are found organic polysulphide poly- 
mers (Thiokol), Vinylite, plasticized polyvinyl chloride (Koro- 
seal), polybutylene (Vistanex), etc. These materials do not have 
the resilience that is characteristic of rubber, and they are 
“‘thermoplastic,’”’ even when compounded with other materials, 
instead of being ‘‘thermosetting”’ as in the case of compounded 
rubber. The plasticized Vinylites have some properties such as 
chemical inertness which make them more desirable in some 
cases where flexibility without resilience is required. The Thio- 
kols or organic polysulphide polymers might be included among 
the synthetic rubbers by some, but, although they appear to be 
vuleanizable, their thermoplasticity makes them useful only to a 
limited degree in service where elasticity and other rubber-like 
properties at elevated temperatures are desired. Thiokol is one 
of the oldest of the American types of synthetic materials having 
some rubber-like properties. Its high resistance to oils, other 
solvents, and all kinds of aging, as well as its impermeability to 
gases makes it serve a very useful purpose in industry in spite of 
its thermoplasticity. 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The materials which can be considered as synthetic rubbers 
fall into four classes: Neoprene types, BunaS types, Buna N 
types, and Butyl rubber. 

Neoprene Types. The Neoprene types are polymers of chloro- 
prene or copolymers of chloroprene with other materials. It is 
evident that there is possible a wide variety of products all made 
from the same basic materials. The term “Neoprene” therefore 
should not be considered as descriptive of a single product. 
Several types of Neoprene have appeared on the market and 
undoubtedly others will appear as specialized service demands 
them. The Neoprenes as a class may be termed as moderately 
oil-resisting rubbers. 

Buna S Types. The Buna S types are copolymers of butadiene 
with styrene. A BunaS type of polymer has been adopted by the 
Rubber Reserve Company for use in tires and as a general-pur- 
pose rubber. Fundamentally, it is less efficient and develops 
lower physical properties at ordinary temperatures than natural 
rubber. However, it is much more heat-resistant, and, as will be 
shown later, when properly compounded is practically as cold- 
resistant as natural rubber. It is similar to natural rubber in that 
it is not oil-resistant. 

Buna N Types. The Buna N types are copolymers of buta- 
diene and acrylonitrile. They are generally oil- and hydrocarbon- 
solvent-resistant to a high degree. However, they are poor in 
resistance to oxygenated solvents. Their cold resistance in 
general is poor but by correct compounding fair to good cold 
resistance can be obtained. A large number of different varieties 
of this type are on the market under the trade names of Hycar 
O. R., Chemigum I, II, III, and X, Perbunan, Buna? NM, NX, 
NXM, NXX, and NF, etc. These vary as to the ratios of the 
constituents and the method of preparation, but their properties 
as a class are similar. 

Butyl Rubber. Butyl rubber is reported to be a copolymer of 
isobutylene with butadiene. It is high in chemical stability, it is 
very impermeable to gases, and is reported to be heat-resistant. 
It may eventually have the lowest cost of all the synthetic rub- 
bers. It is poor in oil resistance and contrary to some recent 
claims in the press the present material is not satisfactory for 
tires. Because of the relatively small amount of butyl rubber 
which has been produced and made available for experimental 
purposes, this material has not been evaluated as completely as 
some of the other synthetic rubbers. In the near future a new 
plant will go into production and at that time sufficient material 
will be made available, so that a complete evaluation of all its 
properties in all types of products can be made. 

It should be understood that with the rapid development now 
going on in this entire field, the possibility of a new material, 
which surpasses all the present ones now in production or develop- 
ment, being found is not remote but is very likely. The following 
examples of some of the more or less unusual properties of a few 
of the present materials are given with the foregoing in mind. 
New developments may greatly change the picture in the next 
few months. 

When evaluating synthetic rubbers in the laboratory, it must 
be kept in mind that we are working with new, entirely different 
materials and not rubber. Laboratory evaluation tests for 
rubber are the result of years of experience in applying and com- 
paring the results of such tests to performance of compounds in 
service. It is easy to make the mistake of attempting to interpret 
laboratory data on synthetic rubbers on the basis of experience 
with natural] rubber, and thus drawing erroneous conclusions. 

Because of our present interest in the butadiene or Buna type 


3 The present trade names for the Buna N type synthetic rubbers 
mentioned in this paper specifically as Buna NM, Buna NXM, etc. 
are Butaprene NM, Butaprene NXM, etc. 
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synthetics, the majority of the examples will be chosen from that 
class. The Buna synthetic rubbers chosen for examples were: 


1 Buna §, a modified butadiene-styrene copolymer. 

2 Buna NM, a modified butadiene-acrylonitrile copolymer. 

3 Buna NXM, a modified butadiene-acrylonitrile copolymer. 
4 Buna NF, a modified butadiene-acrylonitrile copolymer. 


Each of these types has been developed to fit a special need, 
such as ease of processing, ease of molding, oil resistance, cold 
resistance, etc. 


TENSILE STRENGTH 


If we were to have based our conclusions as to the quality of 
the Buna rubbers on results of tensile-strength tests, they would 
not have been considered further after the first tests. The data 
given in Table 1 show that the tensile strengths of pure gum 


TABLE 1 oebaee er OF TENSILE DATA FOR VARIOUS 
UBBERS WITH SIMILAR COMPOUNDING 


Tensile strength,@ psi 


of Channel 
rubber Pure gum P-33 black>s¢ black¢.d 
Buna NXM ne 1600 2700 
800 1300 
3400 
Stress at 400 per cent elongation, psi— 
Type of Channel 
ubber Pure gum P-33 black> black¢ 
os 550 1025 1450 
Buna NXM... 550 1225 1750 
(600%) 
-——— Elongation at break, per cent—— 
Type of Channel 
rubber Pure gum P-33 black? blackd 
300 430 580 
Buna NM....... 420 520 560 
Buna NXM mere 480 500 550 
300 400 340 


a a ein were cured to the ‘‘optimum cure’’ as judged by tensile 
strength. 

b These stocks were compounded with softeners, vulcanizing ingredients 
etc., and contained 100 parts of P-33 black per 100 parts of rubber or syn- 
thetic rubber. 

¢ The tensile strengths of the various Buna N type stocks containing P-33 
and channel black can be measurably increased, or decreased, by the use of 
different softeners. 

@ These stocks contained softeners, vulcanizing ingredients, and 50 parts 
of rubber grade channel black per 100 parts of rubber or synthetic rubber. 


stocks prepared from the Buna-type rubbers are very low. It is 
only after these rubbers have been compounded with carbon 
black that they exhibit tensile properties which remotely resemble 
those of natural rubber stocks. Even then the tensile strengths 
are far below those of natural rubber stocks having similar com- 
pounding. Neoprene is different inthis respect, for the pure gum 
stock has higher tensile strength than the stock compounded with 
channel black. It is evident that tensile strength is not the 
complete criterion for the judgment of quality of Buna type 
synthetic rubbers, for if it were, none of them would have been 
considered further as possible materials for replacement of 
natural rubber in tires, for example. 

The tensile strengths of the various Buna N type synthetic 
rubbers show rather definite correlation with other physical 
properties, such as oil resistance, cold resistance, etc., as will be 
shown later. 

It should be pointed out that by special handling during mix- 
ing, the tensile properties of the Buna types can be improved, but 
experience has shown that the improvement in most service char- 
acteristics is generally so small that it does not justify the extra 
time, trouble, and expense. 


| 
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RESISTANCE 


The fact that the Buna N types of synthetic rubber exhibit very 
low swelling when exposed to oils is one of the most unusual and 
at the same time the most important property of this group. As 
a class they are better than Neoprene in this respect. The dif- 
ferent Buna N types have different oil resistances as is shown in 
Table 2. (For the sake of comparison, figures for Neoprene GN 
are included in this table.) 


TABLE 2 PERCENTAGE OF INCREASE IN VOLUME? AFTER 24 
HOURS IN DIFFERENT OILS 


Type of Kerosene 80 per 
synthetic Paraffin-base cent, benzene 
rubber 8.A.E. 10 oil 20 per cent 


* Volume change determined by the method of Garvey (8). 


The data show that the resistance to swelling in oil may be 
controlled, more or less, by proper selection of Buna N type 
synthetic rubbers. The negative swelling, or shrinking, of the 
Buna NXM stock in S8.A.E. 10 oil is most probably due to the 
extraction of some of the plasticizer by the oil. This property is 
important and must be compensated for by proper compounding 
when shrinkage is not desirable. By correct compounding, it is 
possible to produce a stock which will not change in volume when 
immersed in oil. This is done by selection of Buna N types and 
plasticizers. 

An interesting and rather unusual swelling phenomenon is 
illustrated by the following example: 

Two Buna NXM gasket compounds A and B were tested for 
resistance to swelling in carbon tetrachloride, which has a very 
pronounced swelling effect on all of the Buna N types. Com- 
pound A contained, as the plasticizer, an oil which was soluble, 
while compound B contained a resin which was practically in- 


the effect is exaggerated. However, our observations would in- 
dicate that this phenomenon is rather common, especially with 
aromatic solvents, and may be the cause of actual shrinkage in 
other oils. It is interesting to note that the usual 3-day or 7-day 
immersion test would have rated these two compounds as equal 
in resistance to swelling. 

The shape of the curve for stock A may be explained by the 
assumption that during the first few hours the solvent is imbibed 
in the compound and goes into solution in the oil plasticizer, thus 
causing it to swell rapidly. The solution of solvent in oil is then 
extracted and at equilibrium only the effect of the solvent on the 
Buna NXM compound remains. Since the: plasticizer and 
swelling solvent are mutually insoluble, the shape of the curve 
for compound B is the normal shape for a Buna NXM com- 
pound with no plasticizer. It is suggested that it might be well 
in some cases to observe the actual course of swelling rather than 
merely the final results. 

The method of Garvey (8) lends itself more readily to following 
changes in swelling during immersion than does the regular 
A.S.T.M. method (9). 


RESILIENCE OR REBOUND EFFICIENCY 


The property of resilience is one which makes rubber an un- 
usual material. In general the Buna, or butadiene, types of 
synthetic rubbers normally have lower resilience than does 
natural rubber. Among the Buna N types, the rebound resili- 
ence at room temperature depends upon the specific type used. 
This is shown in Fig. 2, which shows rebound resilience data for 
pure gum compounds at various temperatures. The Buna S 
type illustrated in Fig. 2, shows a rebound value intermediate 
between Buna NM and NF at room temperature. The values 
for the three synthetic rubber pure gum, compounds approach 
each other at high temperatures, but do not reach those of the 
natural rubber pure gum stock. 

These rebound resilience values were obtained by the use of a 
falling-ball apparatus and technique developed by I. B. Pretty- 

man of the Physics Division of the Firestone re- 
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Although the data shown in Fig. 2 would indicate 


| search laboratories. 
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that Buna S type of synthetic rubber is normally 


CURVE A -STOCK CONTAINS OIL, 
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| less efficient than natural rubber, it does not fol- 
| low that it cannot be compounded to produce 
highly efficient stocks. However, when a stock is 
compounded to produce equal efficiency, the hard- 
ness is increased over that of a natura] rubber com- 
pound. Fig. 3 shows a comparison between a high- 
efficiency rubber compound and a Buna S compound, 
designed to have approximately the same efficiency. 
The hardness values at the various temperatures are 
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included to illustrate the foregoing point. 
A comparison of the rebound efficiencies of typi- 
cal natural rubber, Neoprene GN and Buna S high 


| channel black compounds is shown in Fig. 4. These 
curves corroborate other efficiency tests which show 
= that Buna S has a higher hysteresis loss than do na- 


° 20 60 60 100 


TIME OF IMMERSION IN SOLVENT (HOURS) 


Fic. 1 PErRcENTAGE OF SWELLING VERSUS OF IMMERSION IN 


CARBON TETRACHLORIDE 
(Curve A, stock contains oil; curve B, stock contains resin.) 


soluble in carbon tetrachloride. The data for percentage of 
swelling versus time of immersion for the two stocks are shown in 
Fig. 1. It is obvious that compound A would not be satisfactory 
as a gasket in contact with carbon tetrachloride. These two 
compounds in carbon tetrachloride are given as examples because 


tural rubber and Neoprene GN. Natural rubber 
and Buna § in these stocks are practically identical 
at low temperatures, but show a wide variation at 
room temperatures and above. The curve for the 
Neoprene GN stock is practically parallel with that 
for natural rubber through the entire temperature range. 


CoLp RESISTANCE 


The property of cold resistance, or the lack of it, in the oil- 
resistant synthetic rubbers is of utmost importance to those who 


| 
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NATURAL RUBBER 


PER CENT REBOUND (BALL) 


Fic. 2 Erriciencies oF Various Buna Types AND NATURAL 
RvuBBER PurRE GuM Srocks aT DIFFERENT TEMPERATURES 


are designing or specifying parts where these rubbers are to be 
used. The increase in resilience at very low temperatures may 
be caused by changes in hardness as is shown in Fig. 3. So far, 
no definite relationship between the shape of the resilience- 
temperature curve and the actual “brittle point”? has been ob- 
served. It should be pointed out that the minimum point in the 
resilience-temperature curve does not mean that, at that tempera- 
ture, the rubber is brittle and will break upon bending. There 
are some indications (see Fig. 3) that these minima mark the 
beginning of the definite stiffening or hardening which eventually 
renders the material unserviceable at lower temperatures. 

In general the cold resistance of the highly oil-resistant rubbers 
is poor, the more oil-resistant the rubber, the poorer the cold 
resistance. The data given in Table 3 show the temperatures at 
which several Buna type and rubber compounds, varying only 
in the rubber used, become frozen or stiff to the touch. Re- 
frigerated methyl alcohol was used as the coolant in this case. 
Values for the brittle point and “freezing point’? taken from 
the literature (10, 11) are given for comparison. 

The figures given in Table 3 differ from those given in the 


TABLE 3 STIFFENING, FREEZING, AND BRITTLE POINTS 
FOR NATURAL AND SYNTHETIC RUBBERS 


Type of Stiffening Brittle? point, Freezing) 
rubber point, deg F deg rf point, deg F 
—48 to —52 —86.8 
—36 to —40 —86.8 to —94 —86.8°¢ 
Buna NM —9 —51.7¢ 
—14.8 to —18.4¢ 


@ Refer to Bib. (10). 

b Refer to Bib. (11). 

¢ These stocks were undoubtedly prepared from different Buna type syn- 
thetic rubbers from those reported under ‘“‘stiffening point.” 


literature in that they are higher in every case. However, the 
present figures are based on the observer’s judgment as to when 
the compounds became too stiff to be serviceable, while those of 
Selker, Winspear, and Kemp were the temperatures at which 
the compounds actually could be broken because of brittleness, 
and those given by Koch were the temperatures at which the com- 
pounds just began to soften after being frozen solid. All com- 
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Fie. 4 Erriciences oF RuBBER, NEOPRENE GN, anv Buna S 
Compounps ConTAINING HicgH CHANNEL Biack aT Various TEM- 
PERATURES 


parisons of data should be made within one column of the 
tabulation and not between different columns. 

It is well to mention here that in certain cases where rubber 
parts are to be used in contact with a solvent in service, the cold- 
resistance tests should be made using the same solvent, refriger- 
ated, as the coolant. For example a fuel-pump-diaphragm com- 
pound when tested in air was frozen solid at —15 F but when 
immersed in the fue] it was perfectly flexible at —50 F because 
of the plasticizing action of the fuel. 

The use of plasticizers plays an important part in the attain- 
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ment of good cold resistance with the Buna N and Neoprene 
types of synthetic rubbers. Fig. 5 shows the effect of various 
mixtures of two plasticizers A and B on the temperature at 
which several Buna NM and Buna NXM compounds ceased to 


| 
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| 
- % OF “ar 10 20 30 
30 % OF 20 10 fe) 
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OF SYNTHETIC RUBBER) 
Fic. 5 Errect of Various Mixtures oF A AND B 


“STIFFENING Pornts’’ OF DIFFERENT Buna N Type 
SYNTHETIC RuBBER COMPOUNDS 


Upon THE 


become serviceable in air. It will be noted that Buna NM is 
more cold-resistant in all cases than Buna NXM with the same 
plasticizer mixture present. It is possible to prepare compounds 
from Buna NF, treated with the proper plasticizer, which will be 
serviceable at temperatures as low as —70 F. 


RESISTANCE TO HEAT AND AGING 


An outstanding and rather unusual property of most of the 
synthetic rubbers, especially those of the Buna and Neoprene 
types, is their remarkable resistance to decomposition by heat. 
An apparatus designed by the physics division of the Firestone 
research laboratories was used to determine the decomposition 
temperatures of several natural-rubber, Buna, and Neoprene type 
stocks under carefully controlled conditions. A discussion and 
more thorough description of the apparatus and method is 
published elsewhere.‘ These thermal decomposition temperatures 
are shown in Table 4. The remarkably high heat resistance of 


TABLE 4 THERMAL DECOMPOSITION TEMPERATURES FOR 
NATURAL AND SYNTHETIC RUBBER COMPOUNDS 


Thermal-decomposition 


Type of rubber temperature,* deg C 


@ Temperature at which a rubber compound will decompose in 1 hr. 


Buna S as compared to natural rubber and the Buna N types would 
suggest its use for high-temperature service where oil resistance is 
not a serious factor. Neoprene GN also shows superior heat 
resistance. However, all of the Buna and Neoprene type 


‘ This description was published in a paper, “Thermal Decompo- 
sition of Natural and Synthetic Rubber Stocks,”’ by I. B. Prettyman 
and presented at a meeting at Buffalo, N. Y., Sept. 11, 1942, of the 
Rubber Division of the American Chemical Society. 


synthetic rubbers become harder during continued exposure to 
high temperatures but it is possible in some cases to plasticize 
them to overcome this. This will tend to lower the heat resistance 
slightly. 

The synthetic rubbers show exceedingly good resistance to all 
types of accelerated aging. A comparison of the accelerated- 
aging characteristics of the various Buna types illustrated in 
Table 1 is given in Table 5. Their resistance to heat (air bomb) 


TABLE 5 PERCENTAGE OF ORIGINAL TENSILE STRENGTH 

AND ELONGATION RETAINED BY DIFFERENT BUNA TYPE 

SYNTHETIC RUBBER COM wy ot AFTER VARIOUS TYPES OF 
AGING 


of aging 


Type of syn- ~Air bomb>—~ -—Oxygen bomb¢— ——Ovend—— 


thetic rubber Tensile Elong Tensile Elong Tensile Elong 
i ee 105 77 100 98 94 60 
Buna NM.... 114 65 93 94 116 63 
Buna NXM.... 112 64 103 94 118 68 
Buna NF....... 151 70 106 83 150 73 


(for comparison) 


@ The original values for these compounds are given under ‘‘P-33 black”’ 
in Table 1. 

6 Aged 15 hr in air bomb at 260 F; 80 psi air pressure. 

¢ Aged 46 hr in oxygen bomb at 158 F; 300 psi pressure. 

@ Aged 28 days in hot-air oven at 158 F. 

¢ After only 14 days in oven. 


is remarkable when it is remembered that similar natural rubber 
compounds are badly deteriorated after only 10 hours under the 
same conditions. As the data for oxygen-bomb aging indicate, 
the Buna N types show slightly less resistance to oxidation than 
to other types of aging. However, their relative deterioration is 
much less than that of rubber under the same conditions. Buna 
S shows some susceptibility to oxidation, but is affected much 
less than natural rubber. 

All the synthetic rubbers harden or become stiffer during heat- 
aging treatments as is illustrated by the elongation values in 
Table 5. This fact must be considered when designs are being 
made for the use of these materials. All natural-aging data which 
have been obtained up to this time would indicate that the Buna 
type synthetic rubbers will be entirely satisfactory in this respect. 

Although no data for Neoprene are given here, its high resis- 
tance to aging is well known. However, it stiffens during heating 
and aging to an equal if not greater degree than the Buna types. 


Use or SYNTHETIC RUBBERS 


The Buna S types can be used in nearly all cases to replace 
natural rubber. Generally satisfactory service as compared 
to natural rubber has been observed in the case of passenger-car 
tires. However, it must be pointed out that, with this or any 
synthetic rubber, as in the case of any new material, certain 
difficulties are present and must be overcome. For example, 
truck and heavy-duty tires at present are the result of years of 
specialized engineering and design, based on the characteristics 
of natural rubber. In order to meet the service conditions en- 
countered today, it may be that some radical departure from 
present thinking and designs may have to be made in order to 
fit synthetic rubber into the picture. It is sufficient to say that 
the Buna 8 types appear to fit more nearly into the scheme of 
things as we see them today than any of the other synthetic 
rubbers. 

The Buna N types of synthetic rubbers are being recommended 
for all types of mechanical goods such as hose, packings, gaskets, 
rollers, etc., wherever high resistance to aging, oils and hydro- 
carbon solvents is desired. 

The Neoprene types are used wherever moderate oil resistance 
and good resistance to ozone and sunlight are desired. Since it 
will not support combustion it is widely used as a flameproof, 
oilproof, wire insulation. 

Butyl rubber can best be utilized where its inherent properties 
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of chemical stability, resistance to ozone, light, and high im- 
permeability to gases can be used to best advantage. As has 
been pointed out no entirely satisfactory tires have as yet been 
made from Buty] rubber. 

One of the major problems which is not stressed in the dis- 
cussions of synthetic rubber in the press is that of processing. It 
has been said that synthetic rubbers process just like natural 
rubber on regular rubber machinery. On the contrary, however, 
each material behaves differently and, although the difficulties 
are not insurmountable, even the training of personnel to handle 
each new material involves considerable time and effort. 

Neoprene GN and some of the Buna N types have been found 
to give results in tire tread wear tests equal to, or better than, 
those given by natural rubber. However, several major diffi- 
culties in processing and fabrication have caused the trend to- 
ward a Buna S type for tire rubber. 

Many of the really serious problems of today may be problems 
only because of the fact that certain handling processes designed 
for natural rubber are not fundamentally correct for the synthetic 
rubbers used. Because of this, it is possible that in the future 
the rubber industry will depend more than ever upon the me- 
chanical engineer for the solution of its processing and handling 
problems. 
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Metal Cutting With Abrasive Wheels 


By W. B. HEINZ,! BOUND BROOK, N. J. 


The analytical investigation herewith reported was 
undertaken in order to determine whether or not the man- 
ner in which an abrasive cutoff wheel is operated might 
have an important effect upon the amount of service ob- 
tainable during the life of each wheel; and whether or 
not the maximum possible cutting rate might also be sub- 
ject to improvement by better methods of operation. 
The geometrical relationships involved in cutting round 
stock have been determined, with the stock rigidly clamped 
and with the stock rotating in each direction relative to 
the wheel rotation. Based on the geometry of the several 
conditions, some predictions have been made as to the ad- 
vantages which might be gained by a well-organized ex- 
perimental program. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


A = cross-sectional area of cut 
AA = number of square inches which have been cut by are 
of wheel from 0 to ¢ during time required for a 
point on wheel to travel through angle ¢. 
AA, = same as AA, when work is rotating in backward? 
direction 
AA, = same as AA, when work is rotating in forward? 
direction 
AA, = “packing area:’’ maximum theoretical area of cut 
which can be accomplished by one pass of wheel face 
length R @ 
4A,, = same as AA,, when work is rotating in backward? 
direction 
AA, = same as AA,, when work is rotating in forward? 
direction 
A = dA/dt 
C=R+n 
F = symbol meaning ‘‘a function of” 
N = 
R = radius of the abrasive wheel; becomes smaller as 
wheel wears 
r = radius from center of work rotation to any point in are 
of contact between work and wheel (see Fig. 1) 
rf, = radius of round stock to be cut 
Tf; = radius from center of work rotation to bottom of cut 
at the point just leaving contact with wheel (see 
Fig. 1) 
t = time 
Ax = depth of cut made by arc of wheel from 0 to ¢ during 
time required for a point on wheel to travel through 
angle 
tw = ‘drag distance: average distance an increment of 


metal is dragged, from point where it was cut loose 
to its exit from cut, when work is rotating in back- 
ward direction 


1 Consulting Engineer. Mem. A.S.M.E. 

2 With “backward” work rotation, adjacent points on wheel and 
work are moving in the same direction; and vice versa. 

Contributed by the Production Engineering Division and presented 
at the Semi-Annual Meeting, Cleveland, Ohio, June 8-10, 1942, of 
Tue AMERICAN SocIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Za = same as ry, when work is rotating in forward direc- 
tion 
Zé = same as 24, when work is stationary 
Id avg = “‘average drag distance:” average of all instantaneous 
values of drag distance za (backward), during a 
complete cut through work 
Ldf avg = SAME AS Tdbavg except for forward work rotation 
Zdo avg = SAME AS Tddavg except when work is stationary 
Y» = amount by which cut at a single point (at R¢) is 
deepened when wheel turns through an increment 
of angle A ¢ in backward direction 
Yy = same as y, With forward work rotation (see Equation 
(7}) 
a = angle of rotation of work about its own axis (radius). 
See Fig. 1 
@ = angle about wheel axis, Fig. 1 
¢ém = Maximum value of angle ¢ at any instant 
¢, = angle at which wheel surface voids would theoretically 
become completely filled with removed metal 
¢p5 = same as $,, for backward work rotation 
¢y = same as ¢, for forward work rotation 
6 = angle about work axis, Fig. 1 
6,, = Maximum value of angle 6 at any instant 
@ = angular velocity of wheel (d¢/dt) in radians per 
second 
w = angular velocity of the work @a/dt) in radians per 
second. 
a = wheel “porosity,” measured in inches. The theo- 


retical maximum depth of metal which any part 
of the wheel can remove at one pass. o = Amax/RQ 


INTRODUCTION 


The object of the work described in this paper is to predict 
how an abrasive wheel should be operated so that it will provide 
the best combination of production rate and total production 
before it wears out. Particular attention has been directed to 
the cutting of large-sized bars, since the rate of wheel wear on 
most cutoff machines is greater when cutting stock of large size. 

An abrasive wheel is commonly visualized as presenting a 
large number of minute cutting edges which are kept sharpened 
by the continual breaking off of dulled points. As each point 
cuts out chips of metal, these chips must accumulate in the 
clearance spaces adjacent to the point until they have been 
dragged to the limit of the cut, where they are thrown from the 
wheel. 

The breakage of points and consequent wheel wear may occur 
partly from overstressing while actually cutting, but probably 
most of such breakage results from combined bending and im- 
pact against loose chips which accumulate toward the end of the 
cut. These chips undoubtedly do not stay neatly confined within 
the surface voids of the wheel, but some of them are rolled and 
dragged along beneath the wheel points until they can finally 
escape. The destructive influence of such random particles is 
believed to be the most important cause of rapid wheel wear. 
Consequently, the longer the average distance through which the 
loosened metal must be dragged before it is thrown out of a cut, 
the shorter will be the life of the wheel. 

How much can this average “drag distance” be reduced by 
keeping the work moving instead of leaving it stationary as the 
wheel advances? Answers to this question can be predicted by 
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an analytical study of the cutting action of the wheel on fixed 
work and on work which rotates. In each case the axes of the 
wheel and the work are assumed to be approaching each other 
radially. 

ANALYsIs OF RotTateD WorK 


The geometry of a wheel cutting rotated work is given in the 
diagram, Fig. 1. A wheel of radius FR is cutting into round stock 
of radius 7; at a rate (square inches per second) which is assumed 
to be constant. The wheel has cut into the work to a radius rz at 


DISTANCE BETWEEN CENTERS =C 
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Combining Equations [4] and [5], we obtain Equation [6] 
which tells us the number of square inches that have been cut 
by the are of the wheel from 0 to ¢, during the time required for a 
point on the wheel to travel through the angle ¢ 


RC ¢ (w/Q2) (1 — cos ¢) 
= RC wo'/2Q approx! } 


AA, 


Equation [6] only holds for directions of rotation such that. 
adjacent points on wheel and work are moving in opposite 
directions, hereinafter termed “forward rotation.’ 

Backward rotation is defined as that condition 


WHEEL SPEED 


WORK SPEED 


Fie. 1 GerometricaL DIAGRAM OF ABRASIVE WHEEL CUTTING 
A RotaTina CYLINDRICAL BAR 


which it will cut steadily, without progressing farther toward the 
center, except as the rotation of the work allows it to spiral in- 
ward. Work and wheel radii intersecting at any radius r in the 
work intercept the angles @ and ¢, respectively. 

For geometrical simplicity, the angle a is shown as represent- 
ing the advance of the wheel as its axis rotates about the work 
axis. This is equivalent to rotation of the work about its own 
axis, but more readily illustrated. The cross-hatched section 
represents the metal which has been removed, as the wheel ad- 
vanced through the angle a. The wheel and the work are 
rotating at constant speeds 2 and w (radians per sec), respec- 


tively. 
It is evident from Fig. 1 that 


Depth of cut = (r — r2) = R(1 — cos ¢) + r (1 — cos [2] 


The area of the annulus between the radii rz and r is x (r? — r2?). 
This area would be cut in the time 27/w sec. Consequently, the 
instantaneous rate of cut is 


dA/dt = A = (w/2) (r? — m2)............. [8] 


in square inches per second. 
From the foregoing equations, Equation [4] is derived 


OA = RC a (1 — cos g)....... [4] 
in which 
C = R T2 


The increment of area cut across the entire contact arc is 
given by Equation [4], where ¢ = ¢,... The instantaneous cutting 
rate is then 

A = RC (1 — cos [4a] 


Since the work is rotating continuously as well as the wheel, 
while a point on the wheel is moving through the angle ¢ the 
angle a is also increasing. Consequently, the two angles ¢ and a 
are interrelated, as follows 


a when adjacent points on wheel and work are mov- 


ing in the same direction. 

If we were to plot Equation [6] on rectangular 
co-ordinate paper, it would appear as in Fig. 2. 
The equivalent cut depth at any angle would be 
the derivative of the area with respect to the 
distance R¢ along the are of contact 


wy = (d/dR¢) AA, = [7] 


Now, if we move the axis toward the left to co- 
incide with the end of the cut —¢,,, the equation 
about this new vertical axis is as follows 


3Cw 

To determine the amount of area which is cut by the wheel are 

subtending the angle ¢ from the new axis, corresponding to back- 
ward rotation, we must integrate Equation [8], obtaining 


RCw 
AA, = j = (¢? — 3¢,, ¢? + ... [9] 


The wheel has only a certain amount of void space opening 


ABOUT THIS AXIS: 


3 
255" (¢-om)? 


7 


/ 


3 


Fie. Curves Equations [6] anp [7] 


(1, Area cut by are of wheel from 0 to ¢ while wheel is moving through 
angle ¢@ in forward direction. 2, Amount by which cut at a single point 
[at R¢] is deepened when wheel turns through an increment of angle A¢.) 


into its cutting surface. As soon as that available space in any 
area of the wheel surface becomes completely filled with chips, 
that spot can no longer do any cutting. In practice the total 
space probably never does become completely filled; so that a 
measure of the voids should be regarded as a theoretical limit 
to the amount of material which any part of the wheel can remove 
during one pass. Suppose we call this limit the “‘porosity’’ of the 
wheel, represented by the symbol ¢. 

Then the maximum theoretical area of cut which can be ac- 
complished by one pass of the wheel face length R¢ is 


3 Obtained by substituting for cos¢ the first two terms of its 
infinite series, 1 — (¢*/2). 


R om 
RCW 43 
= RCw 
(2), 
4 
4 
4 
4 
_3 
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Equation [11] is adapted from Equation [6] to give another 
expression for the “packing area’ in terms of the “packing 
angle” ¢, at which the wheel would theoretically become packed 
with forward rotation 


RCw 


Pps (1 — cos dy) oe {11] 


On combining the two equations we have 


RCw 
= (1 — cos 


Cw 
Since the cosine of an angle is approximated closely enough 
for our purposes by the first two terms of its equivalent series, 
we can write 


Equation [13], expressed in radians, represents the angle 
through which a spot on the wheel must theoretically travel in the 
“forward” direction in order to accumulate just enough metal to 
fill its voids completely. 

A corresponding expression for the packing angle with back- 
ward rotation is derived from Equation [9] 


To illustrate the physical significance of the foregoing equa- 
tions a typical example will be worked out numerically. 


Wheel radius R = 12 in, 

Work radius r = 3 in. 

Wheel speed @ = 220 radians per sec (2100 rpm) 
Work speed w = 0.105 radian per sec (1 rpm) 


In Fig. 3, the curves for forward rotation have been computed 
from Equation [6]. They represent the total area of cut which 
is made in the are @ while a point on the wheel edge is traveling 
from 0 to ¢, for each of several constant cutting rates A. 

The corresponding curves for backward rotation could have 
been computed from Equation [9], but it was easier to construct 
them graphically from the “forward” curves. This is done by 
plotting, downward from the maximum value at ¢,, (working 
from ¢, toward the left), the ordinates to the corresponding 
forward curve at positions measured, from 0 toward the right. 
The resulting ‘“‘backward” curve is the same as its forward 
curve turned right to left and upside done. 

The total area of cut AA, plotted in Fig. 3, was removed by 
R¢ inches of wheel periphery. How much metal is accumulated 
by a unit length (1 in.) of wheel as it progresses from 0 to ¢? 

To simplify our reasoning, we consider each inch of wheel as 
if it acts the same as one of a series of single cutting blades, as 
on a milling cutter. Evidently each blade cuts out the same 
amount of metal as every other blade which passes through the 
angle ¢ during the time interval ¢/Q. 

Consequently, we can write 


(Cut per unit length of wheel, on traveling from 0 to 
R ¢) = 1/R¢ X (total cut between 0 and ¢ during time ¢/2) 
= AA/R¢ 


60 _ 


A=0.47 SQ IN.PE 


+ 


a 


MULTIPLY BY 1072 FOR AA, SQ IN. 


@, DEGREES 


Fie. 3 ComputTep Curves SHow1nG NuMBER OF SQUARE INCHES 
Cut By Arc or WHEEL From 0 To @ WHILE WHEEL Is MoviING 
THrovucH ANGLE AT Various Constant CutTtinc RaTEs 4 
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Fic. 4 Computep Curves SHowInG AVERAGE AREA CuT By EacH 
PERIPHERAL INCH OF WHEEL As IT PRoGRESSES FRoM 0 To @¢, aT 
Various Constant CuttinG RATEs 4 


Term AA is plotted in Fig. 3. Hence we divide each ordinate 
in Fig. 3, by the corresponding value of R¢, and plot the quotients 
to obtain Fig. 4. 

On comparing the curves of Fig. 4, with various wheel porosi- 
ties o, we interpret them as indicating the theoretical maximum 
cutting rates which are possible for wheels of stated porosities. 
Cutting is impossible in the region above the horizontal dotted 
line representing the wheel porosity. 

For example, the theoretical maximum cutting rate A, for a 
wheel of porosity 0.0002 in. (other conditions being as previously 
stated) is 0.17 sq in. per see with backward rotation, and greater 
than 0.47 sq in. per sec with forward rotation. With nonrotating 
work, the theoretical maximum rate is the same as for forward 
rotation. 

Conversely, we can compute the porosity of a wheel by deter- 
mining its maximum cutting rate under specific conditions. 


WHEEL SERVICE Factor 


It seems reasonable to suppose that the rate of wheel wear 
depends on the following three factors, as well as on many others, 
which are well known: 


= 
SEC 
| | | + 
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1 Unit contact force. 
2 Average carry of metal, or drag distance 2,4. 
Porosity of wheel, 


The cutting rate also depends on the same three factors, but 
inversely as the drag distance. Consequently the area that is 
cut while 1 sq in. of wheel is wearing away can be represented by 
the following ratio, some function of the foregoing factors 

(Unit force) 
Cutting rate (Drag distance) 
Wearing rate = 


1 
(Unit force) (Drag distance) X - 


2 
Service factor = F (=) [15] 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
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Rdm 


Fie. 5 Curves InLustratine Equations [16] anp [17] 


(1, Instantaneous depth of cut made by each peripheral inch of wheel as it 
progresses through fixed work. 2, Total cut made by each peripheral inch on 
moving from 0 to ¢ through fixed work.) 


WHEEL 


Fig. 6 GrometricaL DiaGRAM OF WHEEL CuTTING FIxEp CYLIN- 
DRICAL WoRK 
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Fic. 7 Curves Work Rotatinc ForwarpD 


(1, Instantaneous depth of cut made by each peripheral inch of wheel as it 

progresses through forward rotating work. is Total cut made by each 

peripheral inch of wheel moving aoe y to @ through forward rotating 
work, 
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It appears that the wheel service factor (the ratio just given) 
is probably inversely proportional to the drag distance raised to 
some power greater than 1. What is the average drag distance 
when cutting off round stock? 

Fixed Work. First, we must find the average distance the 
metal is carried in a cut of are length ¢. 

The depth of cut made by each inch of wheel circumference 
(“wheel-inch”’) as it progresses (the “instantaneous cut depth’’) 
is Ar/R¢,,- 

This is the same as the area which is cut by each wheel inch 
when it moves 1 in., AA/(2¢,,)?.. We can equate the two 


Also, the total cut per wheel inch on moving through the angle 
¢ is 


Equations [16] and [17] are illustrated in Fig. 5. 
The average distance the metal is carried is 


‘pm 
1 Ar 
R(om — ¢) (#) Rd¢ 


We must then determine the average cutting arc, as the wheel 
progresses through the bar. Fig. 6 illustrates the situation. 
The angles are related as follows: 


The average of R sin (¢,,/2) as ¢,, varies is the same as the 
average of r sin (0,,/2) from 6,, = 0 to 6,, =m. 


Om 
R sin = sin (0,,/2) 
0 


0 


2r 
=— (- cos (n/2)) = 2r/r 


Since sin ¢,,/2 is approximately equal to ¢,,/2, it follows that 
the average cutting arc length is 


Now that we have in Equation [20] the average arc length 
we can use it in Equation [18] to obtain the average drag dis- 
tance when cutting off fixed round stock 


Rotated Work (Forward Rotation). For round stock rotated 
in the forward direction, we can go through the same steps as 
those used for fixed work by commencing with Equation [6], 
dividing by R¢ to obtain the work cut per wheel inch per pass 


The instantaneous cut depth is the derivative 


(+) 


From Fig. 7, the drag distance is 


1 bm 
Tay Naa ($m — sin dp 


R om? 
6 (1 — cos ¢,) 


Ty 


j ti 
| 
(20) 
| 
(2) 
(1) 
N 
R SING. - he 
Re cos ¢) 
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By substituting cos ¢,, = 1 — ¢,*/2, we obtain as a close 
enough approximation 


Tas = R¢,,/3 [23] 
(Compare with Equation [18)). 

The second step for forward rotation is to find the average 
cutting arc @mavg When cutting off round stock. From Equa- 
tion [4a] we can write 

A 


Since cos ¢,, = 1 — ¢,,?/2 (approx) Equation [24] may be 
converted to the form 


[2a 1 


The average value of the arc ¢,, is then 


1 [24 
om ave = Re (R + dry 


dm ave = (VR + VR) [26] 


On substituting the average arc from Equation [26] in Equa- 
tion [23], we obtain the average drag distance when cutting off 
round stock of radius r; with forward rotation 


3r, w 


Rotated Work (Backward Rotation). The average drag dis- 
tance when cutting off round stock with backward rotation can 
be found by steps similar to those which have just been com- 
pleted for zero and forward rotation of the work. We commence 
with Equation [9] and divide by R¢ to obtain the total cut per 
wheel inch per pass 


AA, Cw 2 
—= — — 2 
Re” 20 (¢? — + 3 [28] 
The instantaneous cut depth is 
R ($2) - [29] 
The average distance the metal is carried is 
1 ‘dm 
x CoR 
70 
22 Jo 


(om — ¢) (26 — 
= (7/12) Ron... (30) 


Equation [30] for backward rotation should be compared with 
[18] and [23], for zero and forward rotations of work, respectively. 

For backward rotation, the average cutting arc ¢,, ave is the 
same as for forward rotation, Equation [26]. On substituting 
in Equation [30], we find that the average drag distance while 
cutting off round stock with backward rotation is the following 


7 


= 6r; 
To illustrate the numerical behavior of Equations [21], [27], 
and [31], the same conditions have been used as were used be- 
fore, namely, a 24-in. wheel at 2100 rpm cutting off 6-in. round 
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stock. Fig. 8 illustrates the influence of work rotation and 
cutting rate on the average drag distance. 

Evidently even backward rotation at moderate speeds is an 
improvement over fixed work, while the advantage gained by 
forward rotation is still greater. For example, with a cutting 
rate of 0.3 sq in. per sec, the average drag distances are as fol- 
lows: 


Inches Relative 
10 Rpm backward............. 0.42 1.75 


10 Hpm forward... 0.24 1.0 
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The influence of work diameter on the average drag distance 
is illustrated in Fig. 9. The drag distance is almost the same 
for all work diameters, when the work is rotating. 

By returning to the earlier discussion of wheel life and Equa- 
tion [15], we can make some estimates of how rotating the work 
might influence the relative number of cuts which could be made 
in the life of a wheel. 

If the ratio of cutting rate to wearing rate were proportional 
to (¢/x,)? the relative wheel life would be illustrated by Fig. 10.4 
Actually, there is serious wheel wear even when the drag dis- 
tance approaches zero, as in light finish-grinding of rapidly 
rotated work in a lathe. This represents an additional element 
of wear, which is added to the foregoing. 

The influence of work diameter upon the wheel wear, resulting 
from drag, would then be as shown in Fig. 11, which gives rela- 
tive wheel wear. 


INTERPRETATION 


All of the equations that are given, except Equation [15], are 
believed to be rigorously correct. They are based only on the 
pure geometry of cutting-wheel action. No physical theories are 
involved except the concept of drag distance, and, consequently, 
it should be safe to use them with confidence in planning and in 
carrying out such experimental work as is necessary to provide 
detailed information about the action of an abrasive cutoff 
wheel. 

The prospective value of this analytical investigation lies in its 
prediction that a large and valuable increase in wheel life is at- 
tainable by operating it to best advantage. Final determination 


‘ The “minimum steady-state work speed” indicated is that work 
speed at which the cut depth would extend entirely to the center of 
the work. 


4 6 6 
WORK ODIAMETER (in) 


Fie. 11 Computep Curves SHowtnGc Estimates or RELATIVE 
WHEEL WEaAR AS INFLUENCED ONLY BY DRAGGING OF METAL 
TuHrovuGcH Cut as Functions oF WorK DIAMETER 


of the best conditions can only be made by means of a series of 
tests, planned and interpreted in the light of the theoretical 
knowledge which we now possess. 

Most important would be an experimental determination of the 
ratio of cutting rate to wheel wearing rate in terms of the wheel 
porosity and the drag distance to establish the function repre- 
sented by Equation [15]. Curves which could then be drawn to 
correspond with Figs. 10 and 11 would show the true import- 
ance of drag distance upon wheel life. 
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Discussion 


P. L. Aucer.’ Mr. Heinz’ paper is particularly interesting to 
the writer, because of the difficulties we have experienced in 
securing uniform surface conditions without burring in the grind- 
ing of laminated air-gap surfaces of electric motors. It is recog- 
nized that the author’s theory applies primarily to grinding 
operations, where there is a large are of contact, but the writer 
would like to inquire whether it may have any bearing also on 
the problem mentioned. 

In any case, it should be interesting to correlate the smoothness 
or other qualities of the ground surface with the factors of speed, 
direction of rotation, and drag distance. If the drag distance is 


5 Apparatus Design Engineering Department, General Electric 
Company, Schenectady, N. Y. Mem. A.S.M.E. 
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of the importance indicated, in determining the useful life of the 
cutting wheel, it should also be very important in determining the 
scoring or smoothness of the ground surface. In the latter case, 
there may be important differences in the surface obtained, even 
when the are of contact is very small, depending upon the factors 
which the author has analyzed. 


A. H. Datu.6 Mr. Heinz has presented a novel approach to 
the geometry of the grinding process. This new approach 
attaches great significance to the effect on the wheel due to 
interference with the action of the grain by the presence of the 
chip after its removal from the work but before its release from 
the wheel. Previous theories emphasized the effect on the wheel 
due to the maximum force on the grain while the chip was being 
formed. Thus, in the Alden theory,? an expression for the 
maximum chip thickness was derived. Guest, in his theory,' also 
derives an expression for the maximum chip thickness. Both of 
these theories were based on the hypothesis that the grains break 
away from the wheel under the influence of the maximum cutting 
force, which in turn is a function of the maximum chip thickness. 
Alden proposed that this cutting foree was proportional to the 
maximum chip thickness, while Guest proposed that the maxi- 
mum cutting force was proportional to the square of the chip 
thickness. Their equations, using the author’s nomenclature, are 
as follows 


v? r+R 
maz © ——— X (Guest 
F yaya pp! (Guest) 


where 
v = peripheral speed of work 
V = peripheral speed of wheel 
N = number of grains per inch of wheel periphery 
r = radius of work (average) 
R = radius of wheel 


n—r 
t = one-half cutting depth - 


¢ and @ are angles as shown in Fig. 1 of the paper. 


Alden’s equation can be reduced to the same terms as Guest’s 
equation by the application of the cosine law and approximate 
cosine series. Thus 


v R+r 
F wax Rr t 


While no experimental quantitative verification of these 
formulas has ever been presented, it is nevertheless well known 
that wheels act in a qualitative way according to these equations. 
Thus, for example, higher work speeds will cause the wheel to 
appear to be softer, while higher wheel speeds will increase the 
apparent hardness. 

Mr. Hutchinson® derives an expression for the average chip 
thickness. The geometric approach is somewhat similar to that 
of Fig. 1 in the present paper. Mr. Hutchinson used rolling 
circles and track circles to indicate the relative motions of wheel 


6 Engineer, Research Department, The Cincinnati Milling Ma- 
chine Company, Cincinnati, Ohio. 

7 “Operation of Grinding Wheels in Machine Grinding,” by G. I. 
Alden, Trans. A.S.M.E., vol. 36, 1914, pp. 451-460. 

8 “A Theory of Work Speeds in Grinding,” by J. J. Guest, pre- 
sented before the British Association for the Advancement of Science, 
1914. 

* “Do We Understand the Grinding Process?” by R. V. Hutchin- 
son, S.A.E. Journal, vol. 42, Transactions Section, 1938, pp. 89-100. 


and work. The respective curves of cutting paths are shown to 
be hypotrochoidal and epitrochoidal for the two methods desig- 
nated “forward” and “backward” cutting, respectively, by Mr. 
Heinz. Incidentally, Mr. Hutchinson uses the common milling 
terms for these two methods, i.e., ‘‘up-cut” for “forward” and 
“down-cut”’ for “backward.” 

Mr. Hutchinson’s approach shows quite clearly the difference 
between length of chip in backward and forward cutting. Thus 
it is shown that the chip that is produced by backward cutting 
gives a slightly shorter chip than that for forward cutting. 
The volume of the chip for both methods is exactly equal. This 
is also shown in the author’s equations and curves. 

The author’s interpretation of his Fig. 4 indicates a marked 
advantage in wheel capacities of the “forward’’ method over the 
“backward” method. Since the volume of each chip in both 
methods of cutting is equal, it is difficult to understand why the 
crowding of the chip in the pore or void space in front of the grain 
should cause more interference in the one case than in the other. 

Mr. Hutchinson? states that heating of the work can be some- 
what reduced by changing from forward to backward cutting, 
thus indicating greater efficiency. Since in backward cutting the 
chip encounters its greatest interference at the beginning of the 
cut, superficial dullness of the grain would have less effect than in 
forward cutting, where the dullness might cause sliding and 
consequent generation of heat. The backward method of cutting 
is exemplified by the centerless grinder while all center-type 
grinders use the forward method. Observation of hundreds of 
practical grinding operations by both methods, however, indi- 
cates no apparent difference in capacity between the two methods. 

Many tests have been made by the writer’s company in which 
accurate methods were used to measure grinding-wheel wear. 
It was found that, in general, the ratio of metal-cutting rate to 
grinding-wheel wearing rate was high for hard wheels (small 
pores) and low for soft wheels (large pores). However, the 
smaller wear (breaking away of grains) on hard wheels caused 
dullness of the grains and consequent rise in power, until cutting 
became impractical on the particular steel being cut. On the 
other hand, the very soft wheels wore excessively. Unfortu- 
nately, the increase in wheel porosity is usually accompanied by a 
decrease in bond strength. 

From the results of these tests, a criterion of wheel efficiency 
was set up, based on the economics of grinding. Thus the cost of 
power plus the cost of wheel (both loss by wear and loss by truing) 
per hour showed that the most economical wheel in any given 
bond series was neither the softest nor the hardest wheels but 
some wheel between these limits. 

The conclusion was reached that the optimum wheel was one 
in which the grains broke away as they became dulled to a point 
where their usefulness as cutting tools ended, thus permitting new 
grains to take up the cutting burden. A proof that this action is 
probably correct was shown by the power versus time curves. 
In the optimum wheels, these curves leveled off, giving rise to the 
conclusion that the average number of dull and sharp grains 
remained substantially constant during sustained operation. 

The author is to be commended for his excellent mathematical 
treatment of his physical concept of the grinding operation. It 
is possible that a combination of the force theories and the inter- 
ference theory may bring the physical constants in correct per- 
spective with respect to the wheel action. However, in the light 
of the results of extensive investigation, it does not appear that 
the interference theory in itself is sufficient to establish a criterion 
for grinding-wheel performance. 


K. F. Warrcoms.’” From a geometrical standpoint, this paper 
is excellent. 


10 Research Laboratories, Norton Company, Worcester, Mass. 
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The author has presented three factors which, he argues, influ- 
ence wheel wear and material removed when cutting off stock 
with an abrasive wheel. They are: 


1 Unit contact force. 
2 Average carry of the metal or drag distance. 
3 Porosity of wheel. 


We agree with the author that the unit contact force will in- 
fluence both wheel wear and material removed. 

The author’s second factor, that of average drag distance of 
metal chips in the cut and its effect on wheel wear, is a very inter- 
esting speculation. Is the greater wear, as the drag distance in- 
creases, due to greater heating of the bond at the point of contact 
which in turn causes more wheel wear, or is it due to bending and 
impact against loose chips? Certainly the metal chips with 
larger-diameter stock are dragged a greater distance and each 
point on the wheel face will be in contact with the hot metal bar 
being cut for a longer period of time before it clears the work. 
It seems as if both factors may be important. 

Recent cutoff wheel testing by the writer’s company has given 
the following results: Keeping type of wheel, thickness of 
wheel, speed of wheel, and time per cut constant, the cut was 
made dry in one case while, the cutting was done wet in the 
second case; the wheel wear when cutting wet was half what it 
was when cutting dry. Probably the water tended to keep the 
bond cooler and thus stronger and finally bolstered it up to with- 
stand the impact and bending forces mentioned by the author. 
This indicates that heating of the wheel face while in contact with 
the work is also a very important factor influencing wheel wear. 

Relative to the author’s third point pertaining to porosity of 
the wheel as a whole and its effect upon wheel wear and material 
removed, we submit the following: 

It is our opinion that the porosity of the wheel face is very 
important and is related to rate of cut. However, with organic 
bonded wheels, of which cutoff wheels are an example, we have 
found that two wheels made with the same volume of bond and 
abrasive, but different types of bonds, may have entirely different 
porosities on the wheel faces once grinding has been donc. We 
have proved quite conclusively for certain types of grinding that, 
with lower areas of contact between wheel and work, we obtain 
higher rates of cut. Open wheel faces or faces with high porosity 
can be easily obtained by using less bond in the wheel, that is, 
making a softer wheel. The problem comes in obtaining bonds 
with the correct heat resistance and proper physical properties at 
elevated temperatures so that wheel wear may be kept to a 
minimum while retaining the porosity on the wheel face. 

The author seems to have assumed that as soon as the wheel 
face clears the work the chips held in the pores are released and 
the open pores are again ready to take in new chips formed. Our 
experience indicates that this is not true but that some pores re- 
lieve the chips fo’ med, while in other cases much of the pore space 
remains filled and metal loading results. 

We have found this metal loading to be a very important factor 
on influencing wheel wear and material removed. When certain 
fillers are introduced into the bonds or pores, loading has been 
reduced and with it heat has been removed from the wheel face. 
This has resulted in lower wheel-wear values and the same rates of 
cut. Finally the ratio of rate of cut to wheel wear has been 
increased. 


G. L. Dannenower.'! Rapid advances have been made 
during the last decade both in the manufacture of abrasive 
cutoff wheels and in their application to cutting problems. In 
the very near future we shall see great improvements in the 


11 Walker-Turner Company, Inc., Plainfield, N. J. 
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cutting of alloy steels and nonferrous metals and plastics with 
vastly greater economy, less effort, and a higher degree of accu- 
racy. The author has provided information that is highly im- 
portant in our search for progress in this particular work. Cer- 
tain things that we were imagining as going on at the are of 
contact are now more accurately known. 

Experimental work conducted by the writer has confirmed 
some of the basic equations in the paper. Furthermore some 
results of entirely new significance have been obtained, thanks 
to the methods for analyzing the experimental data which 
follow from this paper. The author’s fundamental analysis has 
already proved its practical value in guiding us in studying 
abrasive-wheel operation. 

Accurate knowledge of performance will not only guide the 
wheel manufacturer in improving the very structure and char- 
acteristics of thin cutoff wheels, it will also assist the designer 
in improving his machines. It will act as a guide to the machine 
operator in obtaining production records which now seem beyond 
attainment. Rapidly moving abrasive particles properly di- 
rected and controlled under correct mathematical conditions 
will achieve remarkable results in metal-cutting service. 

Close attention and thorough study of such analytical investi- 
gations as that reported by the author will assist us in accom- 
plishing results that in the art of metal cutting far surpass any 
hithert» contemplated. To this end we too can use mathe- 
matics properly, as the very important tool that it is. With its 
guidance we can accomplish more in less time than can be 
realized by trial-and-error methods. We are not going to be 
content in our accomplishments with thin abrasive cutoff wheels 
until we do more than just “scratch the surface.”’ 


AUTHOR’s CLOSURE 


The paper under discussion is directed primarily toward the 
influence of various working conditions upon a cutoff wheel and 
practically not at all toward their effects upon the resulting work- 
surface finish. In the realm of cutoff wheel service, the arcs of 
contact between wheel and work are relatively large, and drag 
distances are great. In surface grinding, on the other hand, feed 
rates are so small that arcs of contact and drag distances ap- 
proach the infinitesimal. Also, the cutting rates are so low that 
wheel pores are probably far from being packed after a single pass 
through the work. Consequently, it seems doubtful that reliable 
predictions regarding wheel operation for best surface finish 
could be drawn from this particular analysis. It seems that more 
light might be thrown upon Mr. Alger’s problem by analyses of 
individual grain action, such as those referred to by Mr. Dall. 

In his discussion Mr. Dall mentions hundreds of practical 
grinding tests with both forward and backward rotation which 
indicated no apparent difference in capacity between the two 
methods. This was because the tests he mentioned were all with 
cutting rates which were low as compared with those which are 
common in cutting-off work. Consequently, arcs of contact, drag 
distances, and packing of the wheels were probably all sc small 
that differences among them of several hundred per cent would 
have had negligible effects. In other words, surface-grinding work 
is conducted in a realm of operation completely outside the realm 
with which the analysis in the present paper deals. 

The author, like Mr. Dall, once found difficulty in arriving at 
a satisfactory physical explanation for the inescapable significance 
of Fig. 4 of the paper. However, the situation no longer seems 
puzzling. Fig. 4 shows that a wheel of 0.0002-in. porosity, for 
example, would cut smoothly into the work used for computation 
at a rate of 0.4 sq in. per sec when the work rotates forwardly. 
It says, however, that if that same wheel be fed at the same rate 
into the same work rotating backwardly, the pores of the wheel 
would be packed instantaneously on first contacting the work. 
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The reason is (see Fig. 1 of the paper) that each incremental 
arc of wheel rim enters the wedge-shaped slice of metal from the 
thick end. No grains ahead of our incremental arc have pared 
away any of that thick portion of the wedge. Consequently, a 
great depth of metal must be crowded into the pores of the wheel. 
If this depth be greater than the pores can hold, the wheel will 
momentarily stop cutting until the loaded part has passed out of 
the are of contact, at which time an empty section of the wheel 
can take another bite. Thus, the wheel will alternately cut and 
refuse to cut, with an alternating frequency measurable in cycles 
per second. This action results in the rough noisy performance 
which is commonly termed “‘pounding.” It is well known that 
such action quickly knocks a wheel to pieces. 

With forward rotation, each increment of arc on the wheel rim 
enters the work from the thin end of the wedge, preceded by other 
similar increments ahead of it which have pared out small por- 
tions from the are of contact. Thus, by the time any particular 
incremental are gets to the thick end of the wedge, its prede- 
cessors have loaded themselves with metal and there is only a 
relatively small amount remaining for the final increment to take 
away. Under these conditions, the wheel can cut smoothly and 
continuously without packing its pores. This also is confirmed 
by experimental evidence. 

Mr. Dall is undoubtedly correct in his statement that the 
interference theory in itself does not appear “sufficient to estab- 
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lish a criterion for grinding-wheel performance.” Interference is 
only one of many influential factors, but it is one which is both 
important and subject to analysis. Fig. 12 of this closure shows 
that the wear factor!? is less at a certain drag distance than it 
is at any other. At high drag distances the interference probably 
rules. At low drag distances interference is small, while other 
considerations become increasingly serious. The grain-loading 
theories, reviewed by Mr. Dall, probably are important in this 
region, where metal is being removed at the same rate, but by 
shorter peripheral arcs of wheel. 

The curves of Fig. 12 were plotted from a large number of ex- 
perimental cuts through round stock, both fixed and rotating at 
various speeds, and through flat stock. In spite of known experi- 
mental deviations, these curves show a definite correlation be- 
tween the wear factor and the drag distance under numerous 
different kinds of cutting conditions. 

As the theory predicts, chip interference causes the wheel wear 
to increase more rapidly at a cutting rate of 12 sq in. per min than 
at 6 sq in. per min. The minimum wear factor seems to occur at 
the same drag distance regardless of cutting rate. 

At the left the curves rise steeply as the drag distance becomes 
small and individual grain loading increases. There is no evi- 
dence as to where they would go if carried still further toward 
the left, into the region in which surface-grinding performance lies. 
The experience referred to by Mr. Dall has dealt with operation 
in this region. His tests may have been confined to lower cutting 
rates than these and to drag distances in the order of 0.01 in. It 
should be noted that Mr. Dall has published a detailed analysis 
of the several grinding theories. 

Mr. Whitcomb discusses additional variables which affect 
cutting action: namely, heating of the wheel, heating of the work, 
metal loading of the wheel pores, and comparisons of wet versus 
dry grinding. The author regards the first three as departures 
from constancy in the ‘‘constants” of his analysis. Heating in- 
fluences the bond and thus the effective grade of the wheel. 
Heating of the work affects its cutting characteristics. Metal- 
loading changes the wheel porosity. All of these factors have 
been dealt with as though they are constant, even though they 
are known not to be so. The author can imagine no manner in 
which variations in them can be introduced mathematically. But 
it is not necessary to do so in order to profit from rigorous analy- 
sis of the ruling phenomena. 

Wet grinding involves yet other effects which seem un- 
approachable mathematically, i.e., the hydraulic forces which 
act upon the chips, lubrication of surfaces on the work, on the 
chips, and in the wheel pores, etc. These problems, like the 
foregoing, are best worked out experimentally, upon the basis of 
a mathematically guided plan. 


12 ‘Wear factor” is the ratio of square inches cross section of metal 
cut to square inches of wheel worn away. 
service factor. 

13‘*A Review of the Grinding Theories,’”’ by Albert H. Dall, 
Modern Machine Shop, vol. 12, no. 6, November, 1939, pp. 92-112. 
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Pulverized Coal for Forge Furnaces 


By R. B. ENGDAHL' anv F, E. GRAVES,? COLUMBUS, OHIO 


In the course of a survey to determine possibilities for 
the use of coal in the metallurgical industries, conducted 
for Bituminous Coal Research, Inc., at Battelle Memorial 
Institute, studies were made of the application of pul- 
verized coal to forge furnaces. The results obtained and 
data compiled from the investigation of the action of pul- 
verized coal in a small forge furnace in the laboratory are 
given in this paper. The conclusion is reached that pul- 
verized coal is entirely suitable for use on many types 
and sizes of forging furnaces; that it has the same ad- 
vantage of fluidity as gas and oil; and that it gives a flame 
of high emissivity which provides maximum heat transfer 
by radiation. Of particular importance is the fact that 
for most sections of the country it is the most economical 
fuel to use for this purpose. 


HE shaping of metals when heated to a temperature at 

which they are plastic is an important technique in modern 

industry, notwithstanding its antiquity. From the hand 
methods of the prehistoric blacksmith the method has been 
developed and improved until today forgings go into the con- 
struction of practically every modern machine, be it automobile 
or tank, turbine or plane. Between 5 and 7 per cent (1)* of the 
weight of the modern automobile is composed of forgings; most 
of these are at vital load-carrying points. The total weight of 
forgings produced annually in this country averaged 503,000 
tons from 1924 to 1939 (2). In 1941 this amount increased to 
approximately 1,530,000 tons. Fuel consumed in the period 
1924-1939 accounted for 3 to 4 per cent of the cost of the finished 
product, roughly 3 to 4 million dollars annually. 

In connection with a survey of the metallurgical industries to 
determine the possibility for the application of coal, which is 
being made by Battelle Memorial Institute for Bituminous Coal 
Research, Inc., the forging industry has been reviewed. This 
paper presents the results of this survey and data obtained in an 
investigation of the performance of pulverized coal in a small 
forge furnace. 


DesIGNn oF ForGE FuRNACE 


The ideal toward which all furnace design should be directed 
is to provide clean stock uniformly heated to a predetermined 
temperature at just the rate demanded by the forging equipment. 
Furnaces now in use satisfy these requirements only partially 
because of limitations imposed by the size of forgings, burners, 
fuels, refractories, and production demands. Faulty design 
which is almost universal has also been pointed out as being 
responsible for many of the shortcomings of forgings (3), but that 
problem requires treatment beyond the scope of this paper. 
Before considering the effect of the other variables, typical forge 
urnaces will be described. 

Furnaces for handling forgings whose weight ranges from less 


1 Research Engineer, Battelle Memorial Institute. Mem. A.S.M.E. 

2 Research Engineer, Battelle Memorial Institute. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Cleveland, Ohio, June 8-10, 1942, of Taz AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


than 1 lb to 40 tons (4) naturally vary greatly. Large forgings, 
of which only a few pieces at a time may be fabricated, are heated 
in batch furnaces. Such forgings are usually of heavy cross 
section and require very slow heating if the center is to be brought 
to forging temperature without overheating the surface. 

Smaller forgings, and 70 per cent of all forgings weigh 15 lb or 
less (2), are heated either in batch or continuous furnaces. These 
are called drop forgings because of the drop type of hammer often 
used in their fabrication. They are usually made in large quan- 
tities; duplicate sizes and shapes being obtained by means of 
shaped dies into which the plastic metal is forced to flow under 
repeated blows. Continuous furnaces for this class of work are 
either the pusher or rotary-hearth types, but a large part of small- 
production forgings are heated in a simple batch furnaces. Either 
the pusher or rotary types employ mechanical means for moving 
the work through various heating zones at a controlled rate to 
supply properly heated stock at just the rate demanded by the 
hammer. Much more common is the box type in which the 
work is manually charged through a door opening or through a 
narrow, uncovered slot; hence the name “‘slot furnace.’”’? Hearth 
dimensions for this common type of furnace range from 1.5 X 
3.5 to3 X 5 ft. 

In an effort to have maximum contact of the gases with the 
work, no special provision is made in these small furnaces for 
removal of the products of combustion; instead, they flow out 
of the slot which is partly filled with the projecfing ends of stock. 
This high-velocity stream of hot gases is thus directed at the 
operator who is partly protected by a series of air or steam jets so 
aimed as to deflect the flames upward in a short stack formed by 
a radiation shield supported some distance in front of the furnace 
wall. These measures are only partially effective, and redesign 
for increased operator comfort is much needed. 

Frequently there is no automatic control of temperature. The 
operator removes units as they reach forging temperature which 
he judges from appearance of the piece. A number of units are 
in the furnaces at one time and new ones are added as hot ones 
are removed. Thus, this might be considered a manually con- 
trolled and operated continuous type of furnace. However, the 
inevitable defects of manual control and operation are fuel and 
material waste owing to poor control and nonuniformity of prod- 
uct. It is to be hoped that in the interest of fuel economy, 
operator comfort, and more satisfactory and faster production, 
the continuous thermostatically controlled furnace will find much 
greater use in the near future. 


REQUIREMENTS OF FoRGE FURNACES 


Uniformity of Heating. Uniform heating of the steel through- 
out the section, in order to avoid unequal flow between the metal 
near the surface and that at the core, is well recognized as being 
desirable; usually this condition is fairly easy of attainment. 
Complete uniformity during heating is possible only with electric- 
induction or resistance heating. In furnaces fired by oil, gas, or 
coal, reasonably uniform temperature in the stock is attained by 
allowing it to remain in the furnace for a sufficient length of time. 
This time requirement must be kept as low as possible in the 
interest of fast production. If the size of stock is increased, the 
time for heating must be increased to allow the temperature to 
equalize within the bar. The forging trade has developed empiri- 
cal rules for this. For example: “Steel bars for drop-forge work 


can be heated at the rate of 5 to 15 min per in. of diam.” (5). 
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Although this and similar rules indicate the time required to 
achieve uniformity of temperature in work heated in the usual 
forge furnace, they are often interpreted to specify in addition 
the maximum safe heating rates. It is implied that at higher 
rates the steel will be injured by the unequal expansion which 
accompanies unequal temperature. However, Murphy and 
Jominy (6) have shown that much higher rates can be safely 
employed. In a small carbon-resistor furnace initially at 2870 
to 3000 F, 1.5-in. round bars were heated from 70 F to 2200 F at 
the surface at the rate of 3.3 min per in. of thickness; when the 
surface reached 2200 F the core was only 24 F cooler. No dam- 
age was suffered by the sample. During the time that the 
sample was heating, the furnace temperature was allowed to drop 
to 2400 F in order to avoid overheating the sample. This last 
condition serves to emphasize that the real danger in rapid heat- 
ing is that of overheating or “burning”’ the steel, if such heating 
is attained by means of high furnace temperatures rather than by 
increasing the heat-transfer coefficients. 

In fuel-fired furnaces, the work receives energy by radiation 
and convection from its surroundings which are at higher tempera- 
ture. In attempting to attain uniform temperature rapidly, 
the usual method is to increase the heat transfer by raising the 
furnace temperature. This may be carried to the point where 
very rapid oxidation of the steel can occur; hence if the work is 
not removed instantly when it has reached forging temperature, 
this oxidation, known as “‘burning,” may, and often does, ruin 
the steel. 

An alternative method for securing uniform and rapid heating 
is to increase the heat-transfer coefficients. At forging temper- 
atures, the rate of heat transfer by convection is small relative to 
that by radiation. Measurements made by Schack (7) in a 
rolling-mill furnace showed that convection accounted for only 
12 per cent of the total heat transfer. Calculations (8, 9) usually 
based on the limited work by Jurges show that the convection 
coefficient accounts for only 5 or 6 per cent of the total in par- 
ticular cases. Hence with radiation playing the predominant 
role, any important increase in the total heat transfer must come 
from an increase in the radiation coefficient. The luminous 
flame is used to achieve this end, although Schack and Sherman 
(10) have shown that what increase in heat transfer is obtained 
in this way is limited because of the increased absorption of wall 
radiation by the flame as the luminosity of the flame is increased. 

The pulverized-coal flame has been shown to emit at a rate 
even greater than that of the luminous natural-gas flame (10). 
This condition gives rise to the common remark that the “‘heat 
from a pulverized-coal flame is softer and more penetrating.” 
What is meant is that instead of securing maximum heat transfer 
by lashing the stock with visibly high-temperature flame, heating 
is effected by radiation from the ash, coal, and coke particles 
without such visual evidence of the active heat transfer. 

High heat-transfer rates have already been stated to permit 
uniformity of heat in a minimum of time, thus aiding rapid 
production. Reduction of the time required for heating is im- 
portant also in that it reduces scaling. 

Effect of Furnace Atmosphere. The formation of oxide or scale 
not only causes the loss of a certain amount of steel but also re- 
quires extra labor to remove it. If not removed, it pits the 
forging and wears the dies. Furthermore, scale forms slag with 
the refractories which erodes the furnace walls and hearth. Hence 
its elimination or reduction is desirable. 

The variables affecting scaling are time, temperature. and 
atmosphere. The first two have been shown to have definite 
effects; this indicates that the time for heating should be kept 
to a minimum, and the temperature of heating should be kept as 
low as is consistent with proper flow of the metal during forging. 
The effect of furnace atmosphere is not so definite. 
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When steel is heated to forging temperatures in the atmosphere 
of a direct-fired furnace, the scale is formed on the steel by oxi- 
dation by the free oxygen, water vapor, carbon dioxide, and 
sulphur dioxide which result from combustion of the fuel. The 
scaling effect of each of these flue-gas constituents has been 
studied by several investigators. Fig. 1 from Jominy and Mur- 
phy (6) shows that water vapor has just as strong a scaling effect 
as free oxygen at temperatures below 2400 F, and that carbon 
dioxide will cause more scaling than will air. Sulphur dioxide 
was also found to have a very strong scaling effect when present 
to the extent of 0.1 to 0.2 per cent. 

However, no information is available on the relative oxidizing 
effect of these flue-gas constituents when they are combined in 
the proportions common to the atmosphere of a direct-fired 
forge furnace. It would be wrong to try to predict exactly the 
amount of scaling that would be caused by a combination of gases 
whose individual scaling actions are known; as Jominy and 
Murphy state, the possibility of variation in the physical and 
chemical properties of the scale produced makes such a predic- 
tion unwise. Nevertheless, a knowledge of the scaling tendencies 
of free oxygen, water vapor, carbon dioxide, and sulphur dioxide 
does make it possible to predict the general scaling effect of a 
furnace atmosphere containing these gases in various proportions. 

An atmosphere that is considered reducing, from a standpoint 
of combustion, will slow down scaling; but the water vapor and 
carbon dioxide in the products of even very incomplete combus- 
tion make flue gases oxidizing to hot steel. The formation of 
scale will be impeded by anything that reduces the amount 
of oxygen present as free oxygen, water vapor, carbon dioxide, or 
sulphur dioxide. Bullens (11) states that 75 per cent of the scale 
can be eliminated in an atmosphere containing 3 per cent carbon 
monoxide and no free oxygen, but that it requires 15 per cent 
carbon monoxide in the flue gas completely to eliminate scaling. 
However, such a reducing atmosphere would cause excessive de- 
carburization because both carbon dioxide and water vapor must 
be absent if decarburization is to be prevented. 

When steel is heated to forging temperatures in a direct-fired 
furnace, where it is impossible to eliminate both decarburization 
and scaling, the effort to avoid scaling will usually result in the 
greater disadvantage of decarburization. In heating steel for 
forging, it is usually best to aim at producing a light scale that is 
not too objectionable for hot-working but which is not accom- 
panied by excessive decarburization. 

Table 1 shows the composition of the flue gases from the com- 
bustion of natural gas, oil, and coal, with varying amounts of 
excess air. To achieve the same combustion efficiency in a small 
forge furnace, it is usually necessary to burn pulverized coal with 
a slightly larger amount of excess air than is required with oil and 
a much larger amount of excess air than is required with gas. A 
comparison of the composition of the flue gas resulting from 
burning coal, oil, or gas with no excess air will show that, while 
there is considerably less water vapor in the products of combus- 
tion of coal than with oil or gas, the atmospheres obtained with 
all three fuels are definitely oxidizing. 

Table 1 and Fig. 1 show that if coal is burned with 30 per cent 
excess air, oil with 20 per cent excess air, and gas with no excess 
air, the scaling effect of the higher proportions of free oxygen 
and carbon dioxide in the flue gas from coal is probably no greater 
than the scaling effect of the higher proportion of water vapor in 
the flue gases from oil and gas, and that each of the atmospheres 
produced has approximately the same over-all scaling effect. 
Considering, however, the firing of any one of these fuels, the 
amount of scaling may be somewhat reduced by reducing the 
proportion of free oxygen in the flue gas to such an extent that 
combustion is not complete. Reducing the proportion of free 
oxygen in the flue gas will increase the proportion of both carbon 
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TABLE 1 
OF COAL, NATURAL GAS, AND OIL 


THEORETICAL FLUE-GAS COMPOSITION FROM COMPLETE COMBUSTION 


Per cent by weight, 


application in this state to forges, and 
again all sizes and types were heated with 
this fuel. That it was demonstrated to 


Excess Per cent by volume, 
air, dry gas—-——— 
Fuel percent CO2 Or N: SO: CO: 
Coal 
Ultimate Analysis: 0 18.5 0.0 81.4 0.1 25.2 
8L.0 per cent 5 7.6. 2.0 6.1 24.2 
i 5.3 per cent 10 16.8 2.0 81.1 0.1 23.2 
O 8.4 per cent 20 15.4 3.5 81.0 0.1 21.4 
N 1.5 per cent 30 14.1 4.8 81.0 0.1 19.8 
8 0.6 per cent 
Ash per cent 
Natural Gas 
Ultimate Analysis: 0 11.6 0.0 88.4 0.0 15.2 
CHa ‘87.0 per cent 5 15.0 1.3 90.0 14.4 
Coie 7.6 per cent 10 10.5 2.1 87.4 0.0 13.9 
CsHs = 2.7 per cent 20 9.6 3.8 86.6 0.0 12.8 
Cayo 0.8 per cent 30 8.8 5.2 86.0 0.0 11.9 
Na 1.9 per cent 
Fuel Oil 
Ultimate Analysis: 0 15.5 0.0 84.5 0.05 20.5 
C 84.0 per cent 5 14.6 1.1 84.3 0.05 19.5 
Hi 12.7 per cent 10 13.9 2.0 84.1 0.04 18.7 
oO .2 per cent 20 13.2 3.8 83.0 0.04 17.2 
N 1.7 per cent 30 12.1 5.2 82.7 0.04 15.9 
8 0.4 per cent 
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Fig. 1 Errect oF VARIATION OF TEMPERATURE ON THE SCALING OF 
S.A.E. 1015 Steen. 
(From Murphy and Jominy.) 


dioxide and water vapor, and because the scaling effect of 
carbon dioxide is not so strong as that of free oxygen, the over-all 
sealing effect will be lessened. 

The problem, therefore, is to reduce the air-fuel ratio only to 
that point at which the reduction in scaling is not more than 
offset by the resulting loss in combustion efficiency. 


FuELS FOR ForGE FurNAcEs 


In this country the predominant fuels for forge furnaces are 
now oiland gas. The choice between the two often depends upon 
availability. This has not always been the case, for coal, the 
most abundant fuel, has served the needs of the forgers of metal 
for many years. Fired by hand in lump form, it has been applied 
to every size and variety of furnace for the heating of forgings. 
In previous times, the labor costs and lack of control were not 
important. Development of the principle that coal can be 
utilized more easily and efficiently in pulverized form led to its 


wet gas ~ 


H:0 0: N: SO: be a practical fuel is testified by the fact 


4.1 0.0 70.6 0.1 that one manufacturer of pulverized-coal 
equipment listed 360 such furnaces in this 
3.4 3.6 71.5 et country in 1919, and in 1920 there were 690 
(12, 13). This is even more striking when 
it is realized that at that time the appli- 
cation of pulverized coal to boiler fur- 
11.7 0.0 73.1 0.0 
1 1.0 73.5 0.0 was in its infancy, with many im- 
10-7 2-0 73-3 Q:9 provements still to be made before the 
9.1 5.1 73.9 0.0 present, smooth-running, efficient plants 
became possible. 
8.2 0.0 71.3 0.05 Those were days of scarcity in the 
7.8 1.0 71.7 0.04  fluid-fuel markets, and the economic in- 
centive to reduce costs aided the social 
6.4 5.0 72.7 


0.04 incentive for conservation of scarce natu- 
ral resources for the applications to 
which they alone are particularly suited. 

The discovery of vast new deposits of oil and natural gas in 
this country led to sharp reductions in the costs of these fuels with 
consequent enormous increases in their use in all phases of in- 
dustrial heating including the heating of forgings. The attend- 
ant reduction in the use of coal was accompanied by a loss of 
interest on the part of the equipment manufacturers and the coal 
industry. As a result, there were no continued efforts toward 
development and improvement of coal-firing equipment which 
were essential if coal was to maintain its position in the face of 
advances in the equipment for using the comparatively low-cost 
fluid fuels. 

That some forge work is sufficiently refined to demand per- 
fectly clean atmospheres is doubtless true, and such cases have 
been on the increase as new and more sensitive alloys have been 
developed. Nevertheless, vast quantities of the scarcer fuels 
have been employed on most of the rougher work without regard 
to the unnecessary depletion of limited and irreplaceable fuel 
resources. 

Pulverized coal is a suitable fuel for this class of forgings. This 
is demonstrated by the fact that some installations have been 
using pulverized coal for steel-heating furnaces for many years, 
despite the advent of fairly cheap competitive fuels. 


PULVERIZED COAL FOR ForGE FURNACES 


Many existing forge furnaces have been converted to pulverized 
coal without any change in the design of the furnace, while others 
have been found to demand some changes (14); such changes have 
usually been to increase length of flame travel or to reduce im- 
pingement on refractories. The heat requirements demand com- 
bustion rates of 36,000 to 54,000 Btu per cu ft per hr, based on the 
entire furnace volume. If excessively high localized rates of 
heat liberation are to be avoided, it is essential that the burner be 
so designed as to distribute burning through the entire furnace. 
Theoretical consideration of the time required for combustion or 
for necessary length of flame travel are of little help in determin- 
ing burning conditions, as radiation from adjacent refractory, 
proximity of cold work, intensity of mixing are all influencing to 
uncertain degrees. 

Repeated experience has demonstrated the need for low veloc- 
ity of admission of the coal to the furnace; that is, with restricted 
length of flame travel the time for burning is made greatest by 
reducing the velocity to a minimum. This applies to the enter- 
ing velocity as well as the velocity through the furnace. How- 
ever, the burner ports are usually horizontal; and for horizontal 
entry the velocity must not be so low as to allow the coal to 
settle out either in the burner or just inside the burner, with 


d 
1e 
n 
r- 
ot 
n 
it 
n 
d 
e 
8 
d 
d 
le 
a 
3. 
it 
d 
yf ~ 
it 
r ; 
e 
n 
t 
t 
d 
e 
r 
8 
t 
n 
r 
n 
t. 
e 
e 
t 
D 


34 TRANSACTIONS OF THE A.8.M.E. 


resulting coking and plugging of the port. For the benefit of the 
furnace designer, the limiting velocity should be stated, but this 
is difficult since practical values are affected by furnace design 
and burner arrangement. 

For satisfactory transport of pulverized coal, a velocity of 
4000 fpm is often specified (15). However, this velocity or even 
one half this value for a combustion space only 3 to 4 ft long is 
too high. Flame impingement on the refractories and discharge 
of the particles from the furnace before burning is completed are 
inevitable. Furthermore, it is found that satisfactory operation 
demands inlet velocities of 1500 fpm or less. As settling or 
segregation occurs at these low velocities, it is necessary so to 
locate the inlet pipe with respect to the surrounding refractories 
that the particles will be burned or will have moved past near-by 
horizontal surfaces before they have time to fall and adhere, thus 
forming and building up coke. Uniform fineness of coal can be 
of great help here, since the finer the particle, the greater the 
tendency to float and resist segregating and settling forces. 

After the coal and air are in the chamber, the available space 
for burning must be well utilized in order to achieve the neces- 
sarily high combustion rates. Uniform fineness is of aid as it is 
in transporting the coal, for fine particles ignite more readily 
(16, 17) and present more surface for reaction with oxygen. Still 
the most important factor here is proper distribution of the coal 
and airin thechamber. Thismay be attained by means of elabo- 
rate mixing burners as are used in boiler furnaces. However, 
where space is limited, the velocities necessary to produce thor- 
ough mixing are apt to cause impingement of the coal and ash on 
the refractories. Many attempts in this direction in the past 
(18) have resulted in reversion to a simple straight pipe delivering 
the coal at as low a velocity as is consistent with satisfactory 
transport. The point is indicated by the remark by one in- 
staller: “‘We just breathe the air and coal into the furnace... .” 
(12). 

Burner location has generally followed ordinary forge-furnace 
practice with oil. In the small furnaces, with hearths 3 x 5 ft 
or less, two burners are often employed at opposite sides with 
each offset from the center line enough to avoid head-on impinge- 
ment, but still allowing strong intermixing of the expanding 
flames as they meet. This also prevents direct impingement of 
the flames on the refractories. Secondary air brought in by in- 
duced or forced draft, usually in an annular space surrounding 
the coal jet, encloses the expanding flame and provides oxygen 
for completion of the burning. Furnaces having long and narrow 
hearths may have a single burner at one end, as in Fig. 2 (19), and 
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(From Rehfuss, reference 19.) 


a flue or stack outlet at the opposite end. The length of hearth 
is sufficient for satisfactory combustion without any great im- 
pingement on refractories. Another variation is to have one 
burner at each end with a stack outlet in the rear and a slot or 
door in the front. The working opening is usually a slot or door 
along a side of the furnace and usually parallel with the flame 
path. 

Although flue gases from standard slot furnaces pollute the 
atmosphere of the shop, they are seldom removed by hoods or 
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stacks. Natural ventilation is often obtained through large open 
doors and windows, but forced ventilation would be more satis- 
factory. When burning coal, the arguments for positive venti- 
lation are bolstered by the necessity for elimination of the fine 
ash. Many early failures of pulverized coal in forge furnaces 
were caused either by unwillingness to recognize this fact or by 
poor and inadequate exhaust systems (20). Furnaces of hearth 
dimensions 3 X 10 ft and larger can be provided with individual 
stacks which, since construction details usually result in their 
being oversize (21), provide cheap, dependable, and controllable 
means of inducing secondary air. For furnaces smaller than 
these, space and control considerations make it desirable to install 
an induced exhaust system with individual hoods connecting to 
a common breeching. Such an arrangement permits the use of 
collectors for the fine ash. 

The ash which does not pass off with the flue gases either de- 
posits as a thin dust on the surface of the stock, adheres to the 
walls, or slags off with the scale and refractory gravel commonly 
used on the hearth. Burner arrangement and furnace design 
should be such as to deposit this ash with a minimum of impact 
and so avoid erosion. 


DISTRIBUTION SYSTEMS 


Large billet, slab, or rail-heating furnaces are often fired di- 
rectly from individual pulverizer mills with equal success to that 
attained by direct-fired steam-boiler furnaces. However, to 
operate these furnaces in conjunction with a power plant or with a 
number of melting or small forge furnaces, it is desirable to pul- 
verize at a central plant and distribute the coal to the individual 
furnaces. 

Distribution to substation bins from which the coal is fed to 
the furnaces may be accomplished by means of screw conveyers. 
Fer short distances, up to 500 ft, which do not involve obstruc- 
tions, straight screw conveyers are simple and reliable. How- 
ever, frequent changes in direction or elevation are awkward to 
handle with the screw conveyer; hence the systems employing 
pipes which can be arranged in a manner similar to utility piping, 
are often more suitable. 

Most pulverized materials, when mixed with small amounts of 
very low-viscosity fluids, form mixtures which demonstrate 
fluid-like properties. Pulverized coal when mixed with air can 
be made to flow through standard pipe over distances up to 1500 
ft. Three classes of distribution systems utilize this property. 
They differ chiefly in the amount of air used, air pressure, ve- 
locity of mixture, arrangement of piping, and type of prime 
mover. They are as follows: 


1 Compressed-air or blowing system. 
2 Pumping system or coal-air-emulsion system. 
3 Air-mixture or circulating system. 


Fig. 3 shows the mixtures which these systems employ and the 
relation of bulk density to the air-coal ratio for bituminous coal- 
air mixtures, at 29.92 in. Hg, 70 F. When compressed to elimi- 
nate practically all interparticle spaces, the density of solid coal, 
air-coal ratio of zero, is approached. At the opposite extreme 
with the ratio of air to coal approaching infinity the density of 
clean air is approached. Ideally, an air-coal ratio of about 10-11 
is needed for perfect combustion. Actually, in furnaces utilizing 
pulverized coal, this ratio is about 13-15. Between this condition 
and that of stored pulverized coal lies the region in which the 
various transporting systems operate in conjunction with feeders 
and burners to convert stored coal, with a density of about 35 to 
45 lb per cu ft, air-coal ratio of 0.001, to a combustible in scattered 
furnaces with a density of 0 08 lb per cu ft, air-coal ratio of 13-15. 

The inset in Fig. 3, showing a portion of the bulk density-air 
coal ratio relationship plotted on rectangular co-ordinates, indi- 
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cates the marked difference in VOLUME RATIO, CUBIC FEET OF AIR PER CUBIC FOOT OF COAL, FOR ATMOSPHERIC CONDITIONS 
the character of the mixture + 
handled by the various trans- 2 SSS: 
porting systems. The volume = GROUND 
ing systems is approximately 40 2 | +4 — 
cu ft of air per cu ft of coal, ¥ | | | 
while that for the air-mixture 3 {= ===::: 
cause the proper velocity is ,,, 
of distribution systems without 
segregation, plugging, and ir- Fie. Density or HomoGengous Arr-Coat Mrxtures, 29.92 In. Hg, 70 F 


regular flow of the coal, further 
study in this field is greatly needed. 

Compressed-Air Transport System. This is often called the 
blowing system. It employs a tank of 1 to 7 tons capacity, which 
is intermittently filled by gravity with coal from an overhead bin. 
Compressed air is admitted to the tank, and the aerated mixture 
is forced at rates up to 140 tons per hr through a 3 to 5-in. 
standard pipe to one or more substation bins; separation of air 
and coal being effected by cyclone separators at the bins. The 
operator can control the system from the blowing-station control 
board by means of solenoid-operated valves and bin-level indi- 
‘ators which are connected to the control board from all the sub- 
stations. Depending on the design of blowing tank, the flow 
may be in alternate slugs of air and coal or in a uniform mixture. 

Pumping System. This is a continuously operating low- 
velocity system which utilizes either a screw or positive-displace- 
ment rotary pump to force the aerated mass of coal through 
standard pipe. Aeration is attained by means of a compressed- 
air jet at the pump outlet. At the substation bin, no positive 
separation of air and coal is necessary, as the rate of flow to the 
bin is such that the air has time to leave the delivered coal slowly 
and be vented to the atmosphere without carrying any dust with 
it. As in the blowing system, the entire system is controlled 
from the pumping-station switchboard. 

In any of the foregoing systems, the mixture is fed at very high 
rates and does not contain sufficient air for proper ignition. Rapid 
ignition is to some extent a function of furnace design and burner 
arrangement, but the high velocities of flame propagation 
accompanying rapid ignition are generally attained for a wide 
range of burning rates by supplying mixtures with the air-coal 
ratio varying from 1 to 3.5. Hence, the coal supplied by the 
blowing or pumping systems is usually stored in substation bins, 
from which coal is fed at the desired rate to a primary-air stream 
which leads to the furnace. Usually this feed consists of a feed 
screw with a variable-speed drive. Where many small furnaces 
are to be supplied, a single primary-air fan and feed screw may 
supply a third type of system, i.e., the air-mixture system. 

Air-Mizxture System. Fig. 3 shows that this system handles a 
mixture of air and coal in the ratio of 4 to 1, by weight, far different 
from the others. High velocity is necessary to keep the coal 
uniformly distributed. As portions of the stream are tapped off, 


the size of conduit is reduced to maintain sufficient velocity. 
A nonreturn system has been used (22), but the difficulty of 
balancing the rates of coal supply and consumption usually 
makes it necessary to supply an excess of mixture to a loop 
system. The coal and air which are not burned are fed back 
to the substation, either to be recirculated mmmediately or to 
be separated; in the latter case, the coal is stored in the sub- 
station bin and the air is vented to the atmosphere. An inter- 
locking control between fan and feed screw is desirable to 
maintain a fixed air-coal ratio regardless of feed rate. 

A recent installation of the air-mixture system (27) eliminates 
the usual bin and pulverized-coal feeders by supplying the coal to 
the system directly from the pulverizing mill. It is a modifica- 
tion of the Covert (28) system in that the unused coal is not 
returned to a bin but is continuously circulated until used. The 
fan which supplies air to the mill was installed with sufficient 
capacity to circulate the air-coal mixture around the loop in 
addition. This modification may introduce the same advantages 
of compactness and control which the direct-firing system brought 
to boiler-furnace practice when it replaced the bin-and-feeder 
system 

The air-mixture system has been involved in many of the 
installations where pulverized-coal explosions have occurred. In 
some cases the system itself has been shown to be definitely the 
cause of the ignition of an air-coal mixture. Fig. 3 shows that 
this system operates with a mixture which lies in the range of 
ignitible air-coal mixtures. However, the pressures which can be 
developed by explosion of these mixtures are not so high that 
reasonably sturdy construction cannot withstand them. Ex- 
perience with explosions in pulverizing mills has shown that it is 
practicable to build them to withstand the most explosive of 
air-coal mixtures. Many of the early installations of the air- 
mixture system employed light riveted steel pipe which rup- 
tured easily when slight explosions occurred. This allowed the 
mixture to escape and serious explosions of the unconfined mix- 
ture resulted. 

Reasonable care in operation, in addition to sturdy construc- 
tion, eliminates practically all danger from explosions. The 
known inflammability of oil and gas naturally encourages care in 
handling; similar care should be exercised with air-coal mixtures. 
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TABLE 2 COMPARISON OF COAL-DISTRIBUTION SYSTEMS? of 4-in. pipe. Screw feeders supply coal from bins 
to the air stream leading to the furnaces which are 
ratio, mover,’ pressure, consumption furnace, run in tandem, the flue gases from both passing to a 
System Ib per lb fpm psi hp-hr hp 
Satie: single stack by way of a preheating furnace used in 
Grindle......... 0. 0265 1300-1500 10 conjunction with the main furnaces. 
050 6450-9350 30-60 600-7004 0.5-1.0 
Amsler-Morton® 0.026 2360 45-70 Cc 
800-1000 0.5-1.0 
0.024-0.038 800 30. With due consideration for preparation costs, 
Air Mixture: etc se — pulverized coal is often the most economical fuel for 
ee a 5000 0.75 3000-3500 None required metallurgical purposes. The margin between the 
0.75 


5000 


Screw Conveyer...  ..... 800-1000 


@ Based on figures given by Harvey (27), except where otherwise noted. 


> At the end of the line the pressure is normally near atmospheric, and the resulting ex- 
pansion of air may make the velocity several dan this figure, depending upon the initial 


pressure. 
¢ Based on 5-6 tons per hr; distance of 1000 ft; 20-hr day. 


4 The blowing systems are intermittent and operate approximately 20 per cent of the time; 


all others are continuous. 


* Data for the Amsler-Morton system are based on figures given by Herington (24). 


Comparison of Systems. No one system is universally ap- 
plicable; considerations peculiar to each installation are the 
deciding factors. The characteristics of the systems are shown 
in Table 2. 

In general, the higher the velocity, the higher the maintenance 
costs, because of the erosion at bends, valve parts, fans, pumps, 
etc. For this reason the simple screw conveyer is cheapest to 
operate. Most expensive to operate both on the power and 
maintenance basis is the air-mixture system. Blizard (23) quotes 
the maintenance cost of typical screw-conveyer and air-mixture 
systems as 15 cents and 86 cents per ton, respectively. In con- 
nection with the power requirement of the air-mixture system 
he says: “The ratio of power used to distribute the coal-and-air 
mixture per ton of coal used will increase with the distance that 
the mixture is transported and decrease with the load factor on the 
plant. This system is therefore better adapted for supplying a 
plant which requires a fairly constant supply for furnaces not too 
widely scattered.” For one blowing system, Herington (24) 
reports ‘‘total cost of repair and maintenance of 3.8 cents per 
ton,” and on another “‘total cost of transporting the coal as 1 cent 
per ton.” 


EXISTING APPLICATIONS OF PULVERIZED COAL 


One of the most successful of the systems employing the air- 
mixture transport system was that installed at the Baldwin 
Locomotive Works in 1922, which at present supplies 22 tons of 
coal per day to 31 furnaces with hearth sizes ranging from 3 X 6 
to 6 X 11 ft, handling forgings ranging from 20 to 100 lb each. 
The coal is dried and pulverized at a central preparation plant 
from which it is supplied to four substations, including one at the 
boiler plant, by a compressed-air blowing system with lines 300 
to 500 ft long. A number of furnaces are supplied from each 
substation by means of fans and feed screws which féed a coal-air 
mixture through the loop of a circulating system. 

Developments and improvements in this system have been 
described (19, 25). The furnaces are similar to that shown in 
Fig. 2. Primary air and coal are regulated by a manually oper- 
ated valve in the branch line, and secondary air is induced by the 
combined action of the primary jet and a stack. Some stacks 
serve two or more adjacent furnaces. Compared to the latest 
forge furnaces, this plant leaves much to be desired in the way of 
automatic control, but considering its many years of service it 
has been a smooth-running economical system. 

Two large forge furnaces using pulverized coal have been in 
operation at the Roanoke shops (26) of the Norfolk and Western 
Railway since 1932. Coal is pulverized at a central plant for 
boiler furnaces and for the forge furnaces. A compressed-air 
blowing system transports it to the furnace bins through 500 ft 


0.8-1.0 unit delivered costs of raw coal and other fuels can 


be applied toward drying, grinding, and transporting 
the prepared coal to the furnaces and still leave 
savings. Fig. 4 shows the magnitude of the mar- 
gin. Fora given coal-cost ordinate, all points above 
this ordinate on the curve lie in a region of possible 
savings; the margin is readily seen for any given set 
of fuel prices. There is some minimum size of 
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installation for each set of conditions under which the margin 
would be insufficient to cover depreciation, power, and overhead 
costs, and thus investment in preparation and transporting equip- 
ment would be unsound. Even in some such cases savings 
could be made if properly prepared coal could be obtained from 
some local source already grinding for some other coal-consum- 
ing installation and possessing reserve grinding facilities. 


LABORATORY StTuDY 


Fig. 5 shows the typical small slot-type forge furnace used in 
the laboratory to study the application of pulverized coal in forge 
furnaces. This furnace was loaned through the courtesy of the 
Columbus Bolt Works and is one of a number of such furnaces now 
fired by oil at that plant. No alterations were made in the fur- 
nace other than the addition of a hood and stack connection and 
enlargement of the burner ports. The furnace hearth was 26'/, 
X< 40 in. and the volume of the combustion space was 15 cu ft. 

The furnace was equipped with two burners located on opposite 
ends of the chamber in the same manner as when oil was used. 


& 


1 
| d 
a 
a 
a 
€ 
\ 
I 
r 
| 


ENGDAHL, GRAVES—PULVERIZED COAL FOR FORGE FURNACES 37 


These burners were offset 3 in. horizontally in order to avoid 
direct impingement of the opposing flames as well as to induce 
a swirling flame within the chamber. Fig. 6 is a sectional view of 
a burner. A pipe carrying the primary-air-coal mixture dis- 
charged into the throat of the venturi-shaped burner port. The 
annular throat between the burner pipe and the port provided 
entry for a rapidly rotating envelope of secondary air; rotation 
was produced by supplying air to the wind box tangentially. 
Wind-box pressure was approximately 1 in. of water; furnace 
pressure ranged from 0.2 to 0.4 in. of water. 

Usually, for convenience, a gas flame was used for starting. 
The gas pilot consisting of a '/s-in-diam orifice was incorporated 
into the tee in the coal supply line and was connected to the gas 


Fie. 5 Furnaces Testep tn LABORATORY 


PRIMARY 
AIR-COAL 
WINOBOX 
5" 


SECONDARY 
AR 


Fic.6 ExperIMENTAL PULVERIZED-CoAL BurRNER UseEp on LABo- 
RATORY Fores FuRNACE 


main which supplies natural gas at a pressure of 10 psi. When 
it was desired to use gas for preheating, the pilot could be oper- 
ated as an inspirating premixing burner which could obtain air 
through an open branch of a tee in the coal supply line just above 
the burner. When coal was fired this branch was closed. 

The furnace has been started also by building a small fire of 
wood or coal on the hearth and firing the pulverized coal over the 
incandescent bed thus formed. When using the gas pilot for 
starting, the gas could be turned off after the adjacent refrac- 
tory reached 1500 F, since ignition of the coal was then self-sus- 
taining. 


Preliminary trials were made with a simple atmospheric-type 
burner consisting of a central coal jet discharging into the venturi- 
shaped port. This arrangement was found inadequate to inspi- 
rate the necessary secondary air. If the momentum of the pri- 
mary-air-coal jet had been made high enough sufficient air could 
have been entrained; but then the burner would have been un- 
satisfactory because of the excessive velocity of the coal particles 
which would have accompanied the air velocity necessary to 
develop sufficient momentum. Hence the forced-air burner in 
Fig. 6 was designed consisting of the wind box at each burner to 
which secondary air was supplied by a separate fan located under- 
neath the furnace, as shown in Fig. 5. This provided positive, 
controlled, and measurable secondary air in any quantity desired. 

Mixing of the primary-air-coal and the secondary-air streams 
was attempted by means of deflecting vanes located inside the 
tip of the coal supply pipe. It was found that if the vanes were 
located too near the tip the many small streams of coal into which 
the main coal stream was divided were caused to impinge on the 
hot refractory port wall; this resulted in an accumulation of coke. 
If the vanes were moved farther back from the tip, the mixing 
effect was confined to the primary-air stream itself, and there was 
little extra mixing with the secondary air. 

A further attempt at mixing was made by installing a '/,-in. 
pipe concentric with the primary-air-coal pipe. A part of the 
secondary air was diverted into this pipe in order to introduce air 
at the center as well as at the periphery of the central coal jet. 
Ignition with this arrangement was not so rapid as with the 
simple straight pipe shown in Fig. 6. 

The best burner performance of the modifications tested was 
the simple straight pipe burner shown in Fig. 6. Improved per- 
formance may be obtained from additional study of this problem. 

A disk-type feeder supplied pulverized coal from a bin to the 
primary-air fan which delivered the resulting mixture through 
standard pipe to the burners. The feed rate was controlled by 
means of a thumbscrew adjustment on the feeder and the primary 
air was regulated by a gate valve in the blower-discharge pipe. 
Secondary air was supplied by a separate blower, control of which 
was obtained by a butterfly valve at the blower inlet. All air 
quantities were measured by means of plate orifices and liquid 
manometers. 

In early tests, the coal and primary air were supplied by an 
experimental aeration-type feeder, but irregularities in coal feed 
made combustion irregular and calculations uncertain; hence 
pending further development on this feeder it was replaced by the 
disk feeder. 

Furnace temperature 1'/; in. above the hearth was measured 
by means of a Pt, Pt-Rh thermocouple in a refractory protecting 
tube which was inserted through the back wall to project 7 in. 
inside the chamber. A similar protected couple with water- 
cooled leads was inserted through the slot to make temperature 
traverses on the hearth. By means of an optical pyrometer, 
frequent check readings were made; this instrument was fre- 
quently checked against a laboratory standard. 

A hood installed at the top of the usual furnace-exhaust open- 
ing was connected to the laboratory breeching through 20 ft of 
8-in. pipe. An available draft was thus obtained of from 0.01 to 
0.04 in. of water. The usual air screen was provided for de- 
flecting the flame issuing from the slot. 

An attempt was made to determine the effect of fineness and 
volatile matter of the coal and of the amount of excess air on the 
combustion efficiency. In order to do this, the amount of un- 


burned carbon leaving the furnace was used as a criterion of the 
combustion efficiency. Calculation for this quantity was based 
on the average flue-gas analysis, weights of air and coal supplied, 
and the carbon content of the coal fired. The carbon loss is 
given by: 
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Loss, per cent of carbon fired = 100 X 


| (Mols carbon, flue gas) /Mols nitrogen, flue gas) 
(Mols carbon, fired) /(Mols nitrogen, supplied) 


(CO2/N2) 
WC/12 
(0.769 A)/28 


or Loss, per cent of carbon fired = 100 x | 1— 


where CO, = carbon dioxide, dry flue gas, per cent by volume 
N. = nitrogen, dry flue gas, per cent by volume 
W = coal-feed rate, lb per hr 
C = carbon content of coal, lb per lb 
A = air-supply rate, lb per hr 


The method cannot be considered accurate. It neglects the 
nitrogen and sulphur in the fuel, but for coals used, this error was 
less than 0.2 per cent. Also, a maximum error in the value for 
percentage carbon loss of + 50 per cent is possible owing to small 
experimental errors in the five measured vairables. However, 
direct measurement of the unburned carbon in the flue gas was 
not attempted because of the known difficulties which are often 
encountered in securing accurate samples Instead, an average 
calculated loss of unburned carbon was based on a number of 
tests for each set of conditions. 

The logical point at which to determine the average flue-gas 
analysis is at the slot, as any burning which occurs after the 
gases leave the slot does no useful heating. However, attempts 
to determine the average flue-gas composition from careful 
traverses of the gases at the slot by means of a water-cooled 
sampling tube were unsuccessful. Fluctuations of velocity and 
gas composition caused the calculations based on average analy- 
ses from these traverses to be anomalous. Hence, it was neces- 
sary to sample the gases at the top of the hood after mixing of the 
stratified gases was obtained. It was recognized that this in- 
cluded the products of combustion from some useless burning 
which occurred after the gases left the slot, but for comparative 
tests on the important variables this was deemed acceptable. 
During the combustion tests the work opening at the base of the 
hood was closed off by a refractory-lined door and the air screen 
was shut off to avoid dilution of the gases before sampling. 

The primary-air-coal ratio employed for most tests was approxi- 
mately 2. Variation of this ratio from 1.6 to 2.5 showed no con- 
sistent change in the amount of unburned carbon in the flue 
gases. At a coal-feed rate of 50 lb per hr and a primary-air-coal 
ratio of 2, the velocity of the primary-air stream in each burner 
was 663 fpm. The velocity of secondary air at the burner port 
throat varied from 1430 to 1880 fpm. 


EFFECT OF TYPE oF CoAL 


Table 3 shows the proximate analyses of the coals investigated. 
Tests were run with the high-volatile Elkhorn coal pulverized to 
93, 85, and 72 per cent minus 200 mesh and with the low-volatile 
coal pulverized to 93 per cent minus 200 mesh. Observations 


TABLE 3 PROXIMATE regrey = OF COALS TESTED 


(Basis: as fir 
Pocahontas 
Elkhorn No. 3 
0.2 0.1 
HOF CONE. 35.2 20.8 
0.8 0.6 
Ash-softening temperature,® F............... 2510 2300 
46-53 101-111 
Percentage through 200 mesh................ 93 
Specific surface,* sq cm per gm............... 2870 5280 


@ Average for mine as reported by Bureau of Mines. 

b From “Grindability of Coals,’’ Bulletin 3-241, The Babcock and Wilcox 
New York, N. Y., 1938. 

€ Determined by Lea-Nurse air-permeability method. 
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and results of these tests showed that, when firing the coal pulver- 
ized to 93 per cent through 200 mesh, ignition took place close to 
the burner tip and resulted in a short bushy flame. With the 
coarser coal ignition occurred farther from the burner tip and the 
flame was longer and more luminous. Because for a given air 
quantity the coal particles remained in the furnace for the same 
length of time regardless of fineness, the increase in flame lumi- 
nosity was an indication of higher loss of carbon. 

Below approximately 25 per cent excess air, difficulty was en- 
countered with coking in the burner port because the secondary- 
air velocity was not sufficient to sweep separating coal particles 
into the furnace before they impinged on the hot refractory wall 
of the port. Above 50 per cent excess air, the loss because of un- 
burned carbon was not decreased and the furnace temperature 
could not be maintained. Between 25 and 50 per cent excess air 
no consistent relation was observed between excess air and un- 
burned carbon. Hence for the particular burners and furnace, 
excess air should be held to the lowest value which will not intro- 
duce coking. It is possible that the burner port could be so 
designed that coking would not occur. Excess air could then be 
carried at an even lower value than was possible for the laboratory 
burners and the limiting minimum excess air would then be that 
at which loss due to unburned carbon began to increase. 

The average flue-gas analyses and losses of unburned carbon 
were as follows: 


Gas 
Fineness, Carbon loss composition, 
through of coal by volume, Excess 
200 mesh, fired, per cent air, 
Coal per cent per cent CO: Os CO percent 
93 3 13.2 5.6 0.0 36 
ean 85 5 13. 6.0 0.0 38 
Se 72 6 12.9 6.1 0.0 40 
Pocahontas No. 3.. 93 6 13.4 5.7 0.0 35 


The comparatively small loss of carbon for the coarser high- 
volatile coal and for the low-volatile coal may be owing to the 
presence of the incandescent refractories on the hearth and at the 
slot. Unburned carbon particles which fail to burn in suspen- 
sion will have increased opportunity for burning if they deposit 
at these points. 

The lower rate of flame propagation of the low-volatile coal 
tends to increase the loss of unburned carbon. However, this 
tendency was partly offset by the large amount of surface which 
this coal had as a result of its high grindability. Table 3 shows 
that the values of specific surface, square centimeters per gram, 
for the high- and low-volatile coals when pulverized to 93 per 
cent through 200 mesh were 2870 and 5280, respectively. The 
great surface which the low-volatile coal presented for reaction 
with oxygen made for rapid ignition and rapid burning. 

When firing the high-volatile coal pulverized to 93 per cent 
through 200 mesh at a rate of 50 lb per hr, the furnace could be 
heated from room temperattre to 2300 F in 1'/, hr. After the 
refractory was heated to thermal equilibrium, the furnace could 
be maintained at 2350 F when empty by firing at the rate of 32 
lb per hr. With the average furnace temperature at 2400 F, a 
load of twenty 1-in. round steel bars 3 ft long projecting into the 
furnace 18 in., was heated to 2200 F in 10 min as indicated by 
the optical pyrometer. The coal-feed rate was 45 lb per hr. How- 
ever, the furnace had not yet reached thermal equilibrium when 
this test was made. 

Examination of the bars after removal at the end of the 10-min 
showed that scaling was light and that the thin deposit of ash on 
the bars fell off with the scale during handling. The coal-con- 
sumption rate for this test was approximately 170 lb per ton of 
steel heated. Consumption in production would be higher than 
this value because of the fuel consumed during stand-by and 


heating up periods. 
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(Temperatures measured as alternate bars were removed, beginning at A 
and ending at B.) 


TEMPERATURE VARIATION ON HEARTH 


Temperature traverses on the hearth showed the center to be 
higher by 50 to 100 deg than the sides. This was caused by too 
vigorous burning of the opposing flames as they impinged above 
the center of the hearth. Greater horizontal distance between 
the burner center lines than the 3 in. used for these tests would 
alleviate this condition, although some difficulty might then be 
encountered because of impingement of the particles on the re- 
fractory. 

Fig. 7 shows the results of a load test which was made in order 
to show the effect of this temperature variation on heated stock. 
Twenty-five 1-in. round steel bars were heated in the furnace for 15 
min and then removed in order; the temperature of each bar was 
read within 5 sec after removal by means of an optical pyrometer. 


Care was taken to scrape off a section of scale to permit sighting 
the true surface of the bar. Close agreement between the curves 
for alternate removal from left to right and then back, right to 
left, indicates consistent variation of the temperature of the bars 
on the hearth. The plotted points in Fig. 7, show the average 
hearth temperature as measured by means of the optical py- 
rometer at intervals during three other tests. 


DECARBURIZATION 


In the section describing the effect of atmospheres, scaling was 
said to be a lesser evil than decarburization. Whereas scaling 
entails loss of material and requires extra labor for its removal, 
decarburization leaves a soft surface on the stock because of 
diffusion of the carbon from the steel into the furnace atmosphere. 
This damaged material must sometimes be removed by machin- 
ing, which is expensive and likewise entails loss of material. If 
not removed, it may develop fatigue cracks in service which may 
propagate themselves into the unaffected structure of the steel. 
Hence decarburization should be eliminated if possible or at 
least kept to a minimum. 

Fig. 8 shows the extent of decarburization on the surface of 
two samples from the same bar of 8.A.E. 1045 steel heated in the 
laboratory furnace and in an identical oil-fired furnace. The 
oil-fired furnace was operating under actual production condi- 
tions and was being operated at a rather high temperature. For 
this reason, the sample heated in the oil-fired furnace had to be 
removed after 5 min to avoid danger of burning. The white area 
near the surface from which most of the carbon has diffused is of 
approximately the same extent for both fuels. The depth of 
decarburization is about 0.005 in. in both. Hence the steel 
heated by pulverized coal suffered no more from decarburization 
than that heated with oil. 


Pulverized-Coal Furnace 
Furnace temperature, 2300 F 
Sample in furnace, 8 min 
Temperature of sample when 

removed, 2200 F 


Oil Furnace 
Furnace temperature, 2530 F 
Sample in furnace, 5 min 
Temperature of sample when 
removed, 2200 F 


Fie. 8 SHOWING SuRFACE DecaRBURIZATION ON S.A.E. 1045 Steet Heatep By Potvertzep-Coat AND O1L-FrrEpD 
Furnaces; X 100. Prcric-Acip 
(Temperatures measured with optical pyrometer.) 
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EFFECT OF PIPING 


Irregular feeding of the coal was encountered with both feeders 
which were used. Minute irregularities were not objectionable, 
but, periodically, dense masses of coal were supplied to the furnace 
at such a rate that excessive smoke and flame were blown out of 
the slot. The arrangement of piping was found to be responsible 
for this difficulty. 

Originally the coal was supplied through standard 1'/;-in. pipe 
with a total length of 22 ft to each burner including two long- 
radius bends and 12 ft of horizontal run. For a feed rate of 25 
lb per hr to each burner and an air-coal ratio of 2, the velocity in 
each pipe was 850 fpm. This velocity was too low for proper 
transport and some of the coal particles dropped to the bottom of 
the pipe; usually the bottom quarter of the pipe was filled with 
coal, 

At irregular intervals portions of this fluffy mass of coal 
were picked up by the air stream and fed to the furnace at a rate 
in excess of the possible burning rate. This condition was aggra- 
vated when any coal was used which had a tendency to adhere 
to the top and sides of the pipe owing to its inherent stickiness or 
possibly to oil treatment of the coal. Then the coal would ad- 
here in the vertical as well as the horizontal pipes, especially on 
small projections such as at joints or in the regulating valves. 
When portions of such coal masses were dislodged the smoking 
and flaming from the slot was severe. 

The difficulty caused by settling in the piping was practically 
eliminated by replacing the 1'/2-in. pipe with */,-in. pipe and re- 
ducing the length of horizontal pipe from 12 to 3 ft by relocating 
the feeder. Even with the resulting velocity of 3100 fpm, the 
sticking coals adhered to the walls of the pipes and increased the 
resistance of the system. 

It is probable that with sufficient fan capacity the velocity in 
the long horizontal pipes could have been maintained at such a 
point that all tendency of the coal to separate would have been 
eliminated. However, the power consumption would have been 
high. Minimizing the length of horizontal pipe is the more 
logical and economical solution. 

Inherent stickiness is not uncommon with high-grindability 
coals which normally produce a large amount of superfines when 
ground. The property is most troublesome where the fines are 
given an opportunity to pack as in storage bins and feeders. The 
agglomerated mass then fails to flow uniformly or may fail to 
feed entirely. Evidence that oil treatment increased stickiness 
was not conclusive in the laboratory tests. Oil treatment to the 
amount of 1 gal per ton seems small considering the enormous 
surface presented by pulverized coal. However, sieve tests for 
fineness were definitely more difficult with oil-treated medium- 
grindability coal than with untreated coal. With the pulverizing 
plant so adjusted that it was grinding a medium-grindability 
high-volatile coal to 93 per cent through 200 mesh, a lot of the 
same coal was ground which had been oil-treated for domestic- 
stoker use. Sieve tests on a sample collected during grinding gave 
only 60 per cent through 200 mesh. The residue on the 200 mesh 
screen was caked; the agglomerated masses were composed of 
many fine particles which should have passed through the 200- 
mesh screen. A similar experience in sieving a sample of a low- 
volatile, high-grindability coal was surmounted by wet-sieving the 
residue on the 200-mesh screen with petroleum ether. The fine- 
ness as determined by wet-sieving was in the range normally ob- 
tained with the pulverizer settings which were used in grinding 
this sample. Prolonged mechanical sieving with such sticky 
samples was found to give nearly the same fineness as the wet- 
sieving method; this indicates that the agglomerated masses of 
fines can be broken down mechanically if they are subjected to 
agitation. 
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SUMMARY 


Pulverized coal has demonstrated its suitability on many types 
and sizes of forging furnaces. For most sections of the country 
pulverized coal is the most economical fuel. It has the same ad- 
vantage of fluidity as gas and oil which permits easy clean han- 
dling in pipes and ready mixing with air. It gives a flame of high 
emissivity which provides maximum heat transfer by radiation. 

Regardless of its economy the suitability of coal for forging 
makes it of great current importance when the supply of oil and 
gas is so limited. Also, conservation of limited supplies of oil and 
natural gas to the uses for which they alone are suited is recog- 
nized as sound even in times of peace. By continuing and 
accelerating progress in the utilization of pulverized coal in forg- 
ing and other metallurgical industries, the coal producers and 
equipment and furnace manufacturers can make a substantial 
contribution to this trend toward conservation. 
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Discussion 


R. J. Benper.‘ The writer has had the good fortune of work- 
ing for some of the leading pulverized-coal-equipment manu- 
facturers and has constantly wondered why there seemed to be 
such a marked barrier between the departments that were de- 
signing equipment for power-plant use and those that devoted 
their efforts to metallurgical work. For boiler firing, it seems to 
be quite well established that active turbulence is one of the 
essential rules for proper combustion of pulverized coal; it is 
difficult to admit that the same rule will not apply to metallur- 
gical furnaces, regardless of the restricted width or the short 
length of the combustion space. It may sound paradoxical, but 
it is believed that the design of pulverized-coal burners is still in 
its infancy; much is still to be accomplished in the way of con- 
trolling turbulence and in flame placement. 

The authors should be congratulated for having prepared a 
worthy contribution to an up-to-date matter of study, in line 
with the usual high standards of the work done by Battelle 
Institute. 


A. J. Grinpie.* It has been the writer’s experience in metal- 
lurgical furnaces that considerably less oxidation or scaling of 
metal results from the use of pulverized coal as fuel than with oil 
or gas. It is believed this is due to the fact that less excess air is 
used than is required with oil or gas. 

It has also been the experience of the writer, that with small 
furnaces, the coal must be pulverized finer than is necessary for 
large combustion chambers; and with the proper feeding and 
burning equipment, a soft, penetrating heat can be maintained. 

The statement in the paper that equipment manufacturers and 
the coal industry have not “continued efforts toward develop- 
ment and improvement of coal-firing equipment” is true, and the 
co-operation of these interests would result in increased use of 
coal and the sale of equipment. 

It has been found that velocities of the coal-carrying air, to 
prevent flame pulsation, should be between 3500 fpm for finer 
pulverized coal, or for short runs, and 4500 fpm for coal not so 
fine, or long runs. This velocity should be reduced at the burner 
nozzle to around 1000 fpm or less, if the furnace design permits, 
without coking. Ordinarily a burner nozzle of the same rectangu- 
lar shape as the cross section of the furnace tends to fill the fur- 
nace better. For metallurgical work, a burner, so designed that 
all of the air and pulverized coal are mixed before entering the 
furnace, produces a more neutral or less oxidizing flame and 
requires less excess air. 


‘ Fuel Oil Engineer, Sinclair Refining Company, Chicago, Ill. Jun. 
A.S.M.E. 


§ Pulverized Fuel Engineer, Whiting Corporation, Harvey, IIl. 


It is important with pulverized-coal firing that the products of 
combustion be vented to dust collectors or outside of the building, 
and no application of pulverized coal should be made unless this 
is done. 

Although the air mixture or circulating system might have 
advantages in certain ways and for certain applications, the 
writer would recommend, first, a unit pulverizing system in 
which the raw coal is conveyed to storage hoppers over in- 
dividual pulverizers by a mechanical or pneumatic conveying 
system, or, as a second choice, a storage of pulverized coal at 
each furnace, supplied from a central pulverizing plant. The 
circulating system has one inherent disadvantage in that, when a 
plant is running at low capacities, the complete system must be 
operated with sufficient coal and air flowing through the pipes to 
give the proper mixture, even though only one furnace of a large 
group might be operating. 

The paper states that “pulverized coal, when mixed with air, 
can be made to flow through standard pipe over distances up to 
1500 ft.’”’ It might be interesting to note that installations are 
operating without difficulty where the pipe line is as much as 
5000 ft long. In all of the pneumatic conveying systems where 
coal is conveyed with small volumes of air, as compared to the 
weight of coal, the flow is in alternate slugs of air and coal and not 
in a uniform mixture, even though the coal may leave the feeding 
or injection point uniformly. 

The writer’s experience has been that the maintenance costs for 
the various conveying systems are less with the blowing or pump 
system than with screw conveyers, and the air-mixture or cir- 
culating system has the highest costs, both for power and main- 
tenance. 

The writer believes that small unit pulverizers with capacities 
as low as 50 lb per hr or probably less can be developed, and 
a pneumatic conveying system used for supplying the raw coal 
to the pulverizer storage, thus providing a pulverized-coal-firing 
system for small furnaces equal in operating results to the pres- 
ent installations of large pulverizers on melting and heat-treat- 
ing furnaces. This would be a much more flexible system than 
the circulating system and probably less expensive in first cost 
as well as cost of operation and maintenance. 

Another possibility, if the coal industry were willing to co- 
operate, would be to pulverize coal at the mine or central points 
and deliver to the consumer by tank car or tank truck, both of 
which units have been perfected. If a supply of pulverized coal 
were available, it could be delivered to laundries, small industrial 
plants, forge shops, and many other small users of fuel who would 
then be willing to use pulverized coal rather than oil or gas, be- 
cause the firing equipment could then be sold on a competitive 
basis with oil-burning equipment, and the fuel costs would be 
considerably lower. 

It is the writer’s opinion that properly designed burners will 
prevent coking without using an excessive amount of air. In 
fact, in high-temperature furnaces where metal is melted, we at 
times use less than the theoretical amount of air required and do 
not have coking trouble. It is very important that a steady flow 
of coal be maintained, and this can be done with any of the three 
systems described in the paper, by the proper feeding mechanisms 
and air velocities in the piping. Pipe sizes must be provided as 
large as possible to prevent excessive pressure losses, but small 
enough to maintain the necessary velocities to keep the pipe clean 
without supplying an excess of air for combustion. 

It is apparent from past experience in the use of pulverized 
coal for forging furnaces and in view of improvements made in 
pulverized-fuel equipment and knowledge gained by engineers 
working in this field, that pulverized coal is a suitable fuel for 
many types and sizes of forging furnaces. The authors of this 
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paper should be complimented on their efforts and encouraged to 
continue their research and experimental work. 


C. F. Herimeton.* The need for unreserved efficiency and 
conservation of resources in our industrial plants has never been 
so urgent as during the past year. With the constant, increasing 
demand for production, there exists a pronounced deficiency in 
practically all supplies required to meet this demand. This is 
true in the case of fuels, and it is frequently necessary to curtail 
the quantity delivered to our industries in order that domestic 
needs may be met. 

The savings secured by the substitution of pulverized coal for 
other fuels have been most encouraging and this discussion 
should prove to be most timely. 

Furnace Design. In the early days of pulverized-coal instal- 
lations, it was imperative that the question of making furnace 
changes be carefully avoided; just a statement was made to the 
effect that we simply change the burners. In a preponderance of 
installations, furnace design could not be improved upon: “Didn’t 
his father and grandfather use it and make a living?” In a few 
cases, changing the burner did show a saving in fuel, refractories, 
and heating time; because a good pulverized-coal burner proved 
to be a good burner for natural gas and fuel oil. 

However, we are convinced that the most economical way to 
install pulverized coal on any furnace is to design the furnace 
correctly for the kind of heating desired and to fire it in such a 
manner and with the correct elements to achieve 100 per cent per- 
fect combustion. 

The authors make reference to the use of a low velocity for 
admission of the coal to the furnace. In the early days of pul- 
verized-coal installations, many means were tried to achieve a 
low velocity; one burner design moved the particles of coal dust 
back and forth horizontally before it became dizzy enough to 
enter the furnace, and so today we are using higher velocities and 
getting results. 

Most of the users of pulverized coal believe the success of this 
method of firing lay in the design of the burner, and according to 
the patent-office files, most of the inventors did not stop at one 
design but made many. The greatest number of burner designs 
seemed to consist of all kinds of gadgets to be inserted in the 
burner to slow up the velocity, to mix, change direction, every- 
thing but to leave the mixture alone. 

The writer has found that a simple piece of pipe hammered 
flat at the end proved to be a very successful burner, the second- 
ary-air pipe being treated in like manner and entering the fur- 
nace directly under the coal pipe. 

The following are the essentials to achieve perfect combustion 
in a pulverized-coal-fired furnace: 


(a) Fineness of coal for the purpose. 

(b) Dry coal. 

(c) Constant and uniform feeding of the coal into burner. 
(d) Burner design. 

(e) Separately controlled secondary air. 

(f) Furnace design. 

(g) Larger waste-gas flues. 

(hk) Constant volume and pressure of primary air and coal. 


There is a distinct relationship between the successful burning 
of pulverized coal in any furnace, and one in which the conditions 
are met with reference to furnace design, adequate waste-gas 
flue areas, etc. 

Following is an outline of a few installations covering the 
essentials as heretofore stated: 

Furnace No. 1, 14 ft wide X 45 ft long, is used for melting 
copper from blister to pour into anodes. First, three circular 


* The Amsler Morton Company, Pittsburgh, Pa. 
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burners were tried with the coal and primary air entering the 
center of a 10-in-diam pipe which conveyed the secondary air, the 
idea being that the primary air and coal would be completely 
surrounded by the secondary air as it entered the furnace. 
Actually, the upper half of the secondary air contained in the 
10-in. pipe rose toward the furnace roof as it left the burner 
mouth away from the coal dust and the coal immediately started 
to drop toward the furnace hearth, meeting the lower one half of 
the secondary air, which was not enough to support combustion. 
As a result ash and carbon particles dropped on the bath. 

The ratios obtained were as follows: 

With the three circular burners, it required 250 lb of coal per 
ton of copper melted. 

By changing the burner to a flat fishtail type, also the second- 
ary air, and using only one burner, it required 160 lb of coal per 
ton of copper melted. 

Furnace No, 2 was a furnace for reheating rails, Fig. 9 of this 


Fic. 9 Unit Putverizer System Continuous 
HEATING FURNACE SHOWING BURNERS AND PIPING 


discussion. When we first saw the installation, two beater mills 
were being used, grinding coal to 70 per cent through a 200-mesh 
screen, each mill delivering the coal into two branches, consisting 
of round pipes aimed directly at a bridge wall at a point where the 
heated rail was ready to be pushed out for rolling. We re- 
designed the entire furnace, from the foundations, leaving only the 
entrance and discharge doors. We shortened the furnace 6 ft 
from the front wall, to the bridge wall; raised the flat roof so the 
burners entered at 7 ft above the floor. The roof was 5 ft above 
the rails, then sloped abruptly toward the pusher end of the 
furnace so that, for one third of the distance back, the roof was 
only 12 in. above the rails. 

A new bowl pulverizer was installed, using the one exhauster 
to branch into four burners. These burners were designed to 
have a velocity of 6000 fpm, each burning 21 Ib of coal per min. 
The waste-gas flues were enlarged and surrounded with air- 
cooled wall tile. This furnace operates from 7:00 a.m. to 3:30 
p.m., and starting the furnace at 7:00 a.m. the first rail is ready 
to roll at 7:30 a.m. 


ag 


0 


* 


| 
|. | 
4 


ENGDAHL, GRAVES—-PULVERIZED COAL FOR FORGE FURNACES 43 


Automatie temperature and furnace-pressure controls are used 
on this furnace to eliminate sticking of rails. 

At the end of one year, the management reported no expendi- 
tures for maintenance either on the furnace or pulverized-coal 
equipment, and the net result showed an increase in tonnage of 
15 to 20 per cent with a saving of 38 per cent in fuel. The com- 
plete change of demolishing the old furnace and placing a new 
furnace in operation required 21 days. 

Furnace No. 3 was a new forge furnace which we built, with a 
hearth 8 X 16 ft of the two-door batch type, used for heating &-in. 
xX 8&in. X 7-ft alloy-steel blooms from 60 to 2250 F. These 
furnaces are also equipped with automatic temperature and 
furnace-pressure controls. 

After two months of operation the waste-gas flues opposite the 
burner filled up with ashes, requiring a shutdown. After a sample 
coal analysis had been made, we found that the fineness of the 
coal being used was 49'/, per cent through a 200-mesh screen. 
The fuel requirements of the works at the present time leave a 
short period of 16 hr every week for a shutdown so that if pul- 
verizers were turned up for finer grinding, the capacity in tons 
would not be sufficient to supply all of the furnaces. These pul- 
verizers are 22 years old and grind about 9 tons of coal per hour. 
We are going to add a roller mill of 12-ton per hr capacity to the 
coal plant. This mill will provide 85 per cent through a 200-mesh 
screen, using a steam aerofin heater to dry the coal in the mill. 
This will allow the rotary coal drier and pulverizers to be used as 
spare. 

Example No. 4 is a plant which has about 70 forge furnaces 
varying from a small slot to one as large as the one just de- 
scribed, besides walking-beam, pressed-steel, rivet-making, and 
other furnaces. These burn pulverized coal and were installed in 
1918. 

Here again, the fineness of the coal is a detriment to good forge- 
furnace work. Two pulverizers similar to that just described are 
installed, only their fineness is 70 to 73 per cent through 200 
mesh. In this case the boiler plant requires 15 hr of pulver- 
izing out of every 24 hr to furnish the correct amount of coal, 
leaving only 9 hr supply per day for the furnaces. With the setup 
of equipment at this plant, it would be impossible to change the 
fineness of the coal for the furnaces to 85 per cent. Since the 73 
per cent is correct for the boilers, the furnace tonnage suffers by 
sparks chasing each other through the furnace and thereby 
lowering the furnace efficiency. 


W. W. Petripone.’? Twenty years or more ago pulverized coal 
was used by a large number of iron and steel plants for many 
operations ranging from open-hearth furnaces, soaking pits, 
puddling furnaces, charge-and-draw and _ continuous-heating 
furnaces, sheet-and-pair furnaces, annealing furnaces, to large 
and small furnaces for forging operations, etc. Since then low- 
priced fuel oil and gas have replaced pulverized coal to a great 
extent with the possible exception of the malleable-iron or air 
furnace. The present situation with fuel oil and gas makes con- 
sideration of pulverized coal of interest to many whose experi- 
ence does not extend back to the period when it was more uni- 
versally used. 

The continued use of it in some sheet-and-pair furnaces (such 
as at the Newport Rolling Mills, for the past 22 years or more) 
should be evidence that the fear of the effect of coal ash on steel 
heated with this fuel is greatly exaggerated. Proper selection of 
the coal will avoid detrimental fusion of the ash to the steel and 
what does deposit tends to act as a protection to the steel against 
excessive scaling or oxidation. Control of the furnace conditions 
to maintain a neutral or slightly reducing flame is not difficult 
with pulverized coal. 


7 Manager, Pulverizer Division, The Sims Company, Erie, Pa. 


The writer would like to inquire whether the authors con- 
sidered the use of a compressed-air siphon-type feeder in their 
experiments on the small forge furnace? These feeders were 
used on a number of furnaces of about this size at a plant he was 
connected with some years back. They gave very good control 
and uniform feeding, although the coal was all fed through a 
1/,-in. pipe, with the compressed air from a small nozzle serving 
to control the coal feed from a hopper and also as the primary air. 

The writer would also like to suggest that consideration be 
given to preheating the secondary air by carrying the supply 
pipe through the hood over the front of the furnace. Any 
temperature gain obtained in that way will materially benefit the 
furnace operation, the steel, the combustion and will aid in main- 
taining a higher CO, in the furnace. A CO, content of 15 to 16 
per cent was easily maintained with the compressed-air feeder 
and preheated secondary air on the small furnaces previously 
referred to, which were used for heating small bars for track- 
spike forging machines. 

Where a large number of furnaces are involved, the proper pul- 
verized-coal system to consider is the bin or storage system with 
a central plant supplying all furnaces. However, we have small 
unit pulverizers available today with capacities of 100 lb of coal 
per hr or less and from this minimum upward in generally con- 
venient sizes. Where only a few furnaces are involved, these unit 
pulverizers offer a means not only of meeting the present fuel-oil 
and gas shortage but also of reducing the heating costs in many 
cases with equal furnace capacity and quality of product. 


W. E. Reaser.* The writer wishes to inquire if, in the in- 
vestigation which prompted this excellent paper, attention was 
directed toward the problem of control of the air-fuel ratio. No 
matter how large or how small the quantity of fuel fired into a 
combustion chamber, continuous precise proportioning by weight 
of the combustible with oxygen is as important as the design of 
burner, furnace, fineness of pulverization, and the various other 
factors which must be considered. 

When burning pulverized coal, this problem deserves even 
greater consideration than when oil or gas is the fuel, because of 
the lack of an adequate device to control positively the feed of 
the pulverized material. Actually, modern combustion practice 
will demand “micrometer adjustment”’ of the air-fuel mixture, if 
over-all most economical operation is to be secured. To accom- 
plish this goal, a continuous measure of excess air, best deter- 
mined by analyzing the combustion gases for the O, content, is 
necessary. It should be emphasized that instruments are now 
available to perform this function. 

If the research work on the forge furnaces did not include an 
examination of this factor it might be interesting to consider in 
future investigations of the subject. 


W. C. Reuruss.* This paper goes quite thoroughly into the 
matter of scaling, decarburization, dust, etc., with regard to their 
effect on the product, and also mentions other factors of vital 
interest. From a practical viewpoint, some of the considerations 
that impelled the writer and his associates about the year 1927 
to undertake revamping a forge shop as large as that of the 
Baldwin Locomotive Works were forging costs, heating capacity 
of furnaces, furnace maintenance, safety and health conditions. 

The cost of producing anything is usually the first consideration 
and, where it is possible to bring down that figure, the approach 
to a problem is indicated. When our job of experiment and con- 
version was completed, we were highly gratified to find that 


8 Assistant Professor of Mechanical Engineering, Lafayette 
College, Easton, Pa. Mem. A.S.M.E. 

® Engineer, Schutte & Koerting Company, Philadelphia, Pa. 
Mem. A.S.M.E. 
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forging costs had dropped to the lowest point in the history of the 
Baldwin plant and have continued on that level up to the present 
time, covering a period of approximately 15 years. 

When we started on our project, the shop was equipped with 
the Holbeck system of pulverized-coal production and distribution 
and a number of pulverized-coal furnaces of the single-door type 
with hearths averaging about 3 X 4 ft. The coal-control valves 
were a seat-and-disk type that did not prove satisfactory because 
of leaking and sticking; the burners had branch connections, one 
for the coal and primary-air mixture and the other for secondary 
air which came from blowers. 

The furnaces had a slag slot in the rear and a door in front. 
All products of combustion, etc. made their exit at these two 
points. Although a hood was provided over the door, 90 per 
cent of the dust and gases went right past it and discharged into 
the shop proper. Furnace doors melted off in a week’s time and 
the 18-in. wall opposite the burner was also pierced in that 
time. 

Every time that a heavier slug of coal came through the coal 
loop, puffs of varying intensity occurred in every furnace on the 
loop concerned. With no other place to go these shot out under 
the doors and through the slag-slot openings. If the door hap- 
pened to be open and the operator standing in front of it, he 
received the full benefit, often in the face. Accidents of this 
type occurred almost daily. 

The new-type furnace which is described in the paper eliminated 
practically all of these faults, because of the fact that the furnace 
pressure was reduced to practically atmospheric by maintaining 
a simple draft control in the flue of the stack. As a result the 
products of combustion no longer went out through the door 
opening and, when the door was opened, cold atmospheric air 
did not rush in and chill the furnace; and puffs went on their 
way through to the stack instead of into the operator’s face. 

The low velocity of gases in the furnace was highly beneficial 
in that the chilling effect of excess air was kept to a minimum and 
sufficient time was permitted for the heat to be absorbed by the 
furnace walls and forgings being heated. The size and shape of 
the furnace was so designed that there was no impingement on the 
side walls, end wall opposite the burner, hearth, or arch. A 
glimpse at Fig. 2 in the paper will readily illustrate this point. 
One of the great objections to the use of blowers is the high 
velocity given to the products of combustion, which makes it 
difficult to avoid impingement in a small furnace. All secondary- 
air blowers, six of them, each driven by a 50-hp motor, were re- 
moved from the shop. 

On the type of furnace which we designed, we utilized the energy 
of the primary air which was at a pressure of 7 oz to #/4 lb to 
induce the secondary air from the atmosphere, using a bell- 
mouth throat piece in order to procure maximum effect. This 
was assisted by the draft from the stack. The energy required for 
this purpose naturally slowed down the primary air so that we 
were not bothered by impingement from that source. In all 
cases the velocities were maintained at a point sufficient to keep 
the coal in suspension. That we were successful in doing this was 
evidenced by the fact that very little trouble was experienced with 
coking around the burner. 

At the time we started on the change-over there were numerous 
oil-burning furnaces also in the shop. These were all replaced 
with pulverized-coal furnaces. This involved a design of perhaps 
half a dozen types, all of which fundamentally followed the design 
of that shown in Fig. 2. All oil, gas, and blast lines were elimi- 
nated from the shops entirely, and lighting up was accomplished by 
means of a small wood fire built on the hearth in front of the 
burner. 

The heating capacity of the new furnaces was heavily in- 
creased and the time required to heat material decidedly reduced 
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so that the production capacity of the working forces per man- 
hour went to a higher point. 

An interesting observation was in the production of steel- 
bushing forgings, approximately 14 to 16 in. OD and 8 to 10 in. 
ID X 10 to 12 in. long. When the solid blanks from which they 
were made were heated in an oil-fired furnace, the forgings in all 
cases looked much hotter when placed under the press. However, 
when the slug was pushed out through the die, it could be seen 
that the interior of the forging was very much cooler than was the 
case when the same type of piece was heated in the pulverized-coal 
furnace. This bears out the comments given in the paper on that 
point. 

It was generally noted throughout the forge shop that in all 
cases forgings heated with pulverized coal could be worked longer 
under the hammer than those heated with oil because of the fact 
that the heat had penetrated well to the center. This resulted in 
less reheats, and, in the case of simple forgings, eliminated re- 
heats entirely. More and better forgings naturally followed. 

With the elimination of darting puffs of hot gases and flame 
through the doors of the furnaces, and the removal of the dis- 
charge of gases and ash into the shop, the operator could perform 
his duties with much greater comfort and a far healthier atmos- 
phere in which to work. 

Many expressions of satisfaction came from the operators in 
the shop, men who were used to gases, dust, heat, hard work, and 
frequent burns. Due to the great improvement in working con- 
ditions their lot was decidedly better and when new help was 
needed there no longer was any difficulty in having men agree to 
employment in the forge shop. 


AUTHOR’s CLOSURE 


The authors wish to express their sincere appreciation for the 
instructive discussion which has been given this work. 

In answer to Mr. Bender, it is true that much is unknown about 
the action of pulverized-coal burners. However, it has been 
fairly well established that turbulence does not appreciably affect 
the thickness of the gaseous film on the coal particle. In other 
words, high velocity does not scrub the products of combustion 
away so that raw-coal surface is made available for burning. 
Burning occurs not by vaporization but by diffusion through this 
tenacious film. 

The only other value which turbulence can have is to distribute 
the air and coal uniformly throughout the furnace. This is the 
reason for the use of so-called turbulent burners in boiler fur- 
naces. But designers do not depend too much upon this turbu- 
lence to get good distribution. They do not introduce all of the 
coal through a single, high-velocity, turbulent burner; instead 
they use a multiplicity of burners to distribute the coal and air 
across the furnace. 

Mr. Grindle is an exponent of the total air burner for pulverized 
coal. Although the authors know of no steel-heating furnace 
where this is used, except on long high-temperature melting fur- 
naces, it must be admitted that failures in its application to boiler 
furnaces and also theoretical considerations have discouraged ex- 
perimentation with its use on small furnaces, The low velocities 
of flame propagation which obtain for lean mixtures seem to be 
against the introduction of all of the air mixed with the coal; some 
comparative data should be obtained on a small furnace using a 
total air burner and then the usual primary-secondary air burner. 

Mr. Herrington’s descriptions of actual installations are valu- 
able in showing what can be done. 

Mr. Pettibone’s suggestion of the use of a simple compressed- 
air feeder isa valuable one. It will not work for all coals, but, for 
those with which it will work, it provides a very simple means of 
feeding coal. Just as in any powder-feeder, thorough drying is 
essential. 


However, with the sticking coals, referred to in the 
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paper, even completely dry coal will cause trouble. The action 
of such a feeder depends upon the uniform flow of coal toward the 
mixing chamber as a result of the slight pressure difference and 
gravitational force. The sticking coals are very apt to arch over 
the feeder, hang and drop, giving irregular feed. If some agita- 
tion device could be developed to mix completely and to keep mixed 
a small amount of air with the coal over the feeder, each particle 
would be surrounded by a tenuous film of air, and packing and 
sticking would not occur; the mixture would flow readily and uni- 
formly. 

As to feeding the coal-air mixture through '/;-in. pipe, the 
authors repeat that, for some coals, this is all right, but on others 
there will be plugging by the superfines. Brief tests made since 
presentation of the paper have shown that plugging is reduced 
when */,-in. pipe is replaced by 1-in. pipe, thereby reducing the 
velocity. Apparently, plugging is caused by electrostatic charg- 
ing of the superfines, some of which then are attracted strongly to 
the pipe wall; the lower velocity probably causes less charging, 
and hence less sticking to the wall. Also, the larger the pipe 
diameter, the less is the effect on resistance of a layer of coal 
adhering to the wall. 

Preheating would of course effect savings and aid ignition. 
Past attempts to get high temperatures by means of alloy recuper- 
ators have been disappointing owing to short recuperator life. 
However, satisfactorily tight refractory recuperators have been 
developed. They are economically justifiable for large furnaces. 
For small ones they are less so. Nevertheless, as Mr. Pettibone 
implies, moderate preheating can be simply obtained by passing 
the secondary air through the slot stack. Time did not permit 
trying this on the forge furnace studied. 


Unfortunately, there was not sufficient time towork on combus- 
tion controls of which Mr. Reaser speaks. Precise systems of 
combustion control have been developed for pulverized-coal-fired 
boiler furnaces, but automatic controls have been slow in coming 
to the forging field. Doubtless large savings and improved prod- 
ucts will result from work along this line. 

Mr. Rehfuss’ remarks on the importance of low velocities verify 
the findings in the paper. However, this should not be taken to 
condemn controlled forced secondary air. The great virtue of 
natural draft here is that no amount of overzealous design can 
make a stack so powerful that it creates a blast sufficient to erode 
the refractories. Yet the blower does not necessarily have to 
blast the secondary air into the furnace either. There should be 
no mystery to the choice of fan and port areas so that velocities as 
low as desired can be obtained. 

Although no question of the effect of different coals has been 
raised, some data which have been taken since that in the paper 
should be of interest. Table 4, herewith, lists the coals which 
have been tried, including those in Table 3 of the paper. Com- 
parison was made on the basis of fuel required to maintain ther- 
mal equilibrium rather than on the basis of carbon loss, since 
these measurements were laborious and none too accurate. 

The variation in coal requirement among the various coals 
was slight. Apparently, high specific surface of the low-volatile 
high-grindability coals offsets their slower ignition. 

With all of the coals tested there was a gradual accumulation 
of ash dust on the hearth. Except when overheating, there was 
very little sticking of the ash. In actual practice, constant load- 
ing and unloading of the charge provides enough agitation so that 
all of this ash is carried off by the stack. 


TABLE 4 PROXIMATE ANALYSES OF COALS TESTED? 
Pocahontas Pocahontas Island 
Elkhorn No. 3 No. 4 Sewell Moshannon Creek 
Moisture, per cent............... 0.2 0.1 0.2 0.2 0.3 0.2 
Volatile matter, per cent......... 35.2 20.8 15.9 22.7 22.2 37.2 
Fixed carbon, per cent........... 61.0 74.6 77.6 70.6 69.4 57.3 
3.6 4.5 6.3 6.3 8.1 5.5 
Sulphur, per cent................ 0 0.6 0.9 1.2 0.9 1.0 
Heating value, Btu per Ib........ 14850 14900 14880 14660 14260 14480 
Ash-softening temperature,> F... 2510 2300 2320 2430 2800 2850 
Hardgrove grindability*® ......... 46-53 101-111 87-108 95 102-112 49-52 
Percentage through 200 mesh..... 93 93 93 9 93 93 
Specific surface,4 sq cm per gm... 2870 5280 5331 5695 5546 4200 
Feed rate, lb per hr necessary to 
maintain temperature indicated, 
32 32¢ 33 28 28 326 
2350 2350 2430 2310 2300 2350 


Basis—as fired. 


+b Average for mine as reported by Bureau of Mines. 


1938 


¢ From “Grindability of Coals," Bulletin 3-241, The Babcock and Wilcox Co., New York, N. Y., 


d Determined by Lea-Nurse air-permeability method. 
¢ Estimated from tests in which equilibrium was not obtained. 
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The Corrosion of Stressed Alloy-Steel 
Bars by High-Temperature Steam 


By H. L. SOLBERG,! A. A. POTTER,? G. A. HAWKINS,*? AND J. T. AGNEW‘ 


An investigation was undertaken at Purdue University 
of the corrosion by steam of various stressed samples of 
steels which are available for high-temperature service. 
Apparatus was constructed and techniques developed for 
measuring the amount of corrosion on stressed specimens. 
Data are presented in this paper, showing the effect of 
stress upon the corrosion of Carbon-Moly, 1.25 Cr-Moly, 
2 Cr-Moly, 7 Cr-Moly, 9 Cr-Moly, and 18-8 stainless-steel 
samples. Within the range of the test conditions stress 
does not influence the penetration or corrosion due to 
high-temperature steam. No intergranular attack took 
place except for a small amount in the case of Carbon- 
Moly steel during a 2000-hr test. Chromium content in- 
creases the resistance of steels to corrosion by high- 
temperature steam. 


N INVESTIGATION of the corrosion of unstressed low- 

f. yore steel and various alloys by high-temperature steam 

has been carried on at Purdue University since 1934 

(1, 2, 3).6 In general, it may be stated that the resistance of alloy 

steels to high-temperature steam is greatly influenced by the 

amount of chromium present. Alloy steels containing 7 per cent 

or more of chromium showed good resistance to corrosion pro- 

duced by steam at temperatures up to at least 1400 F. The 18-8 

stainless steels were highly resistant to corrosion when subjected 
to steam up to 1400 F. 

Since all of the tests had been conducted on unstressed speci- 
mens, it was decided to determine the effect of stress on the cor- 
rosion of bar samples of alloy steels by high-temperature steam, 
particularly with respect to intergranular attack. The results of 
this phase of the investigation are the subject of this report. 


Test APPARATUS 


A schematic diagram of the apparatus is shown in Fig. 1. 
Steam from the laboratory header at 200 psi gage flowed through 
a solenoid-controlled emergency stop valve, a gas-fired steel-tube 
superheater, and an automatically controlled electric superheater 
to four vertical test sections operated in parallel. Steam from 
each section was condensed in a seamless copper-tube condenser 
and weighed. A starting condenser was provided to permit opera- 
tion of the gas superheater without the flow of steam through the 
test sections. One thermocouple at the discharge end of the elec- 


‘Head, School of Mechanical Engineering, Purdue University, 
Lafayette, Ind. Mem. A.S.M.E. 

2? Dean, Schools of Engineering, Director, Engineering Experi- 
= Purdue University, Lafayette, Ind. Past President 

* Associate Professor of Mechanical Engineering, Purdue Uni- 
versity, Lafayette, Ind. Mem. A.S.M.E. 

‘ Assistant in Engineering Experiment Station, Purdue University, 
Lafayette, Ind. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tric superheater controlled the power input to the electric super- 
heater through a temperature regulator. A second thermocouple 
connected to an emergency regulator closed the steam valve and 
reduced the heater input in case of abnormal steam temperature. 

The electric superheater was made of 95 linear feet of '/:-in. 
standard-iron-pipe size 18-8 stabilized stainless steel. The tube 
was wound into the form of a flat spiral and was embedded in a 
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thick layer of insulation. Stainless-steel lugs welded to the tube 
served as connections to the transformer. 

Fig. 2 shows the four vertical test sections during construction. 
Each test section was made of 2-in. extra-heavy pipe 12 ft long. 
They were suspended from above in a framework consisting of 
four vertical I-beams with welded X-members at the top and 
near the bottom. Each test section was wound with an electric 
guard heater 2 ft long at each end and a main heater 8 ft long 
between the guard heaters. The power input to each heater was 
under separate manual control. The purpose of the heaters was 
to maintain a uniform temperature outside of the tube equal to 
the temperature of the steam flowing through the tube. Each 
test section was provided with a stuffing box at both the top and 
bottom, through which extension rods from the test specimens 
passed. The test specimens, occupying the middle 8 ft of each 
vertical test section, were suspended from the upper cross-member 
of the supporting frame and were loaded in tension from below 
the cross-member by means of calibrated steel springs. 

Insulating key brick were laid up around the four test sections. 
The vertical insulated furnace was divided into four compart- 
ments, one for each test section, by brick laid in the form of a 
cross inside the cylindrical furnace shell. By means of this con- 
struction and different amounts of insulation on the piping which 
connected the electric superheater to the various test sections, it 
was possible to operate the four test sections simultaneously at 
different temperatures. 


OvTLINE OF INVESTIGATION 


Specimens of various diameters were machined from each of 
four selected steels of different analyses for each test. The speci- 
mens from each type of steel were coupled in series in the center 
of one of the four vertical test sections, suspended from above and 
loaded from below to a predetermined tensile load. They were 
then subjected to flowing steam at a predetermined temperature. 
Two series of tests were conducted. Test 1 was for 1030 hr, 
while test 2 was 2000 hrin length. Elongation, depth of corrosion, 
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and tensile strength were determined and photomicrographic 
studies made. 


Test SPECIMENS 


The specimens for test 1 were heat-treated and machined into 
sections as shown in Fig. 3. The Carbon-Moly, 1.25 Cr-Moly, 
and 2 Cr-Moly steels were annealed at 1550 F. The 7 Cr-Moly 
and 9 Cr-Moly steels were normalized at 1750 F and drawn at 
1500 F (6 hr). The 18-8 steel was annealed at 1950 F and water- 
quenched. The short section of part B (Fig. 3) was used for 
determining the physical properties after the test had been com- 
pleted. The specimens were connected together by means of 
threaded collars into which the ends of the sections were screwed. 
All specimens were coupled together in the order of progressively 
decreasing diameters. The largest section was placed in the 
upper part of the reaction chamber. All specimens were ground 
and lapped to final size. Due to the difficulty of annealing and 
machining the long section C, the design was altered in test 2 so 
that the specimen shapes for this test corresponded to those 
shown in Fig. 4. 

The assembled bars were located in the center of the reaction 
tube by means of extension rods which were screwed into the 
couplings on each end of the assembled specimens. The exten- 
sion rods passed through the packing glands at the top of the re- 
action chamber and were held in place by nuts. A thrust bearing 
placed on each extension bar separated the nut from the X-frame 
in order to eliminate the possibility of twisting the specimen. 
The lower extension rods passed through packed glands on the 
lower ends of the reaction chambers. A spring was then placed 
around each extension bar and held in place by a collar, thrust 
bearing, and nut. 

The load on the assembled specimens was applied by tighten- 
ing the nut on the lower extension bar, thus compressing the 
spring. By means of calibrated gage plates, the deflection of the 
calibrated springs could be accurately measured. 


METHOD OF DETERMINING EXTENT OF CORROSION 


After the bar specimens had been ground and 
lapped, the diameters were determined by means 
of a micrometer. Slight variations in diameter 
along the length of the specimens were noted 
and a record made of the location of any irregu- 
larities. Gage marks were located on each speci- 
men in order that the elongation during the test 
might be measured. A sample of each steel ma- 
chined from the ends of the test bars was used for 
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Fie. Spectmens For Test 1 
(Duration of test, 1030 hr.) 
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Fie. 4 Specimens ror Test 2 
(Duration of test, 2000 hr.) 


determining the specific weight of the material 
by means of a Jolly balance. After the test 
samples were taken from the reaction chamber, 
each bar was cut into three sections, each about 
3 in. in length. -The products of corrosion were 
removed from the test sections by an electro- 
lytic stripping operation (2). 

After stripping, the samples were accurately weighed and the 
dimensions determined. The original weight of the sample was 
calculated from the initial volume and specific weight. The dif- 
ference in the initial and final weights of the sections were taken 
as the loss in weight of metal, from which the penetration was com- 
puted. This method of determining the loss in weight and depth 
of penetration from the initial volume, the elongation, and 
final weight of a specimen of known length is not as accurate as 
the method of weighing unstressed simple bar specimens before 
exposure to steam and after electrolytic stripping, as reported in 
earlier papers (1, 2, 3); consequently some scattering of results 
is to be expected. 
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TABLE 1 CHEMICAL ANALYSES OF STEELS INVESTIGATED 
Ladle analysis, per cent " 

Steel Test Cc n P Ss Si Cr Ni Mo 
Carbon-Moly 0.13 0.49 0.011 0.010 0.25... 0.52 
1.25 Cr-Moly 1 0.14 0.38 0.015 0.018 0.79 1.25 0.55 
1.25 Cr-Moly 2 0.12 0.44 0.010 0.010 0.75 1.27 0.52 
2 Cr-Moly 1 0.11 0.45 0.012 0.015 0.42 2.08 0.50 
7 Cr-Moly land2 0.11 0.43 0.010 0.011 0.92 7.33 ee 0.59 
9 Cr-Moly 2 0.10 0.38 0.010 0.011 0.64 8. PT 0.64 
18-8 1¢ 0.07 1.14 0.079 0.081 0.36 18.81 9.04 .. 

@ Bar analysis. 
TABLE 2 PHYSICAL PROPERTIES BEFORE AND AFTER TESTING FOR 
STEELS USED IN TEST 1¢ 
Reduc- 
Ultimate Elonga- tion in Brinell 
Yield strength, tion, area, hard- 
Steel Remarks point, psi psi per cent per cent ness 
1.25 Cr-Moly Before test 51700 77700 34.0 68.0 143 
After test 49310 75300 35.0 67.4 
2 Cr-Moly Before test 42150 65100 38.0 75.7 121 
After test 38580 61670 35.0 75.5 
7 Cr-Moly Before test 56810 81860 34.5 73.8 152 
After test 50440 83510 31.0 73.3 
18-8 Before test 32200 85130 64.8 70.5 208 
After test 68800 10697 43.0 60.6 


@ Duration of test, 1030 hr. 


TABLE 


4 PHYSICAL 


PROPERTIES BEFORE AND 


STEELS USED IN TEST 2¢ 


AFTER TESTING FOR 


Reduc- 
Ultimate Elonga- tion in Brinell 
Yield strength, tion, area, ard- 
Steel Remarks point, psi psi per cent per cent ness 
Carbon-Moly Before test 46580 62860 36.0 68.9 115 
After test 47050 62210 37.0 70.7 
1.25 Cr-Moly Before test 57800 7457 35.5 72.2 143 
After test 47690 65630 34.5 69.1 
7 Cr-Moly Before test 56810 81860 34.5 73.8 152 
After test 48360 82570 36.0 71.9 
9 Cr-Moly Before test 45330 80640 34.0 73.9 152 
After test 50130 84910 30.0 72.4 


® Duration of test, 2000 hr. 


The chemical analyses of the various steels tested are given in 
Table 1. 


Test 1 or 1030 Hr Duration at TEMPERATURES 
or 1130 ro 1170 F 


Specimens of 1.25 Cr-Moly, 2 Cr-Moly, 7 Cr-Moly, and 18-8 
steels were placed in the reaction chamber and tested for 1030 
hr. During this test three heater failures occurred, one packing 
gland blew out, and one power failure resulted which necessitated 
removal of the load from each series of specimens five times. In 
addition to these interruptions, the load was removed from the 
specimens at 229 hr because of the failure of specimen A of 1.25 
Cr-Moly; at 235 hr because of the failure of specimen A of 2 Cr- 
Moly; and at 590 hr because of the failure of the 7 Cr-Moly 
sample A. 

The physical properties before and after testing for the steels 
used in test 1 are presented in Table 2. The yield point and ulti- 
mate strength of the 18-8 stainless steel for the specimens, taken 
after the test, are considerably higher than for the specimens 
taken before the test. It is known that 18-8 steel is subject to 
strain hardening. In all probability strain hardening took place 
during the test, as a result of the several interruptions which 
caused the specimens to be cooled and heated and the stress re- 
lieved and reapplied. The variations for the other steels are not 
significant since considerable variation is to be expected because 
of the fact that only two tensile specimens were used to determine 
the physical properties before and after testing. 

The corrosion results found for test 1 are shown in Table 3, 
together with the corresponding stress, creep values, and tem- 
peratures. Considering first the 1.25 Cr-Moly steel, it is appar- 
ent that the penetration does not increase as the stress increases. 
For the 2 Cr-Moly steel, the corrosion is higher for the higher 
stresses. In the case of 7 Cr-Moly steel, no relation exists be- 


tween corrosion and stress. The corrosion product formed on the 


TABLE 3 CORROSION RESULTS FOR TEST le 


Specimens B 


Total 


. 


Penetra- 
tion, in 


Aver- 
age 
tem- 
pera- 
ture, 
F 
1131 
1143 
1143 

1159 


Specimens D- 


Total 
aver- 
age 
creep, 
per 
cent 


Stress, 
psi 
3800 

600 
500 
4900 


0.00306 
0.00249 


Penetra- 
tion, in 
0.00168 


ecimens C- 
Aver- 
age 
tem- 
pera- 
ture, 
F 
1133 
1145 
1157 
1158 


8 
a 
aver- 


age 
creep, 
per 

cent 
0.16 
0.20 
0.42 
0.00 


Tot 


psi 
4200 
3600 
3400 
5400 


Stress, 


0.00209 
0.00103 


tion, in. 


Penetra- 


Aver- 
age 

tem- 

pera- 
ture, 

F 

1147 
1165 
1168 
1162 


per 
cent 
0.20 
3.22 
2.62 
0.00 


aver- 
age 
creep, 


5400 
5200 
7800 


Stress, 
psi 
6000 


Aver- 
age 
tem- 
pera- 
ture, 
F 
1132 
1157 
1150 
1165 


Total 
average 
creep, 
per cent 
Failureb 
Failure¢ 
Failure@ 

0.01 


-———Specimens A 


Stress, 
psi 


2 
86 
a 


ed after 235 hr due to fracture. 


f test 1030 hr. 
cimen removed after 229 hr due to fracture. 


@ Duration 
Spe 
Specimen remov 
@ Specimen removed after 590 hr due to fracture. 


Penetra- 
tion, in 


Specimens 
Aver- 
age 
tem- 
pera- 
ture, 
F 
1110 0.00376 


Total 
aver- 
age 
creep, 
per 
cent 


Penetra- 
tion, in. 


D 


Aver- 
age 
tem- 
pera- 
ture, 
F 


Total 
aver- 
age 
creep, 
per 
cent 


Stress, 
psi 


1720 
1380 
1720 
1380 


Penetra- 
tion, in. 


Aver- 


TABLE 5 CORROSION RESULTS FOR TEST 2¢ 


Specimens B 


Total 


-———Specimens A 


Total 


Total 


Aver- 


Aver- 


aver- 


age 
tem- 


aver- 


age 
tem- 


aver- 


age 
tem- 


creep, 


age 


pera- 


ture, 


per 
cent 


F 


0.00376 
0.00603 
0.00191 
0.00197 


Stress, 
psi 
2340 
1880 
2340 
1880 


0.00427 
0.00719 
0.00233 
0.00171 


Penetra- 
tion, in. 


pera- 
ture, 
F 
1122 
1174 
1163 
1156 


creep, 
per 
cent 


Stress, 
psi 
3370 
2710 
3360 
2710 


Penetra- 
tion, in 

0.00451 
0.00563 
0.00260 
0.00194 


pera- 
ture, 
F 
1117 
1167 
1167 
1159 


creep, 
per 
cent 


Stress, 
psi 
5000 
5000 
6200 
4030 


Duration of test 2000 hr. 


1.25 Cr-Moly 
e 


Steel 
Carbon-Moly 
7 Cr-Moly 
9 Cr-Moly 
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Fig. OF ORIGINAL Srrverure oF 1.25 Cr- 
Mory: X 100 


ti 


Pats 


Fic. 6 MItIcROSTRUCTURES SHOWING INFLUENCE OF STRESS ON SURFACE ATTACK OF 1.25 Cr-Mouy STreet Arrer 1030 Hr; 


A hy 


(Specimen A, stressed at 11,300 psi; specimen C, stressed at 4200 psi; specimen E£, stressed at 1700 psi.) 


18-8 stainless steel was too small to measure. From these results, 
there is no evidence to support the idea that stress increases the 
corrosion. No penetration values were cited for the three sections 
which failed because of the excessive amount of elongation which 
took place before failure. 

The photomicrograph of the original structure for the 1.25 
Cr-Moly steel used in test 1 is shown in Fig. 5. Photomicro- 
graphs of the structure after the test are shown in Fig.6. Similar 
photomicrographs for the other steels were made. An examina- 
tion of the photomicrographs reveals that no intergranular attack 
took place during the test. Some carbide precipitation occurred 


at the grain boundaries for the case of the 18-8 stainless steel. It 
may therefore be concluded that, for the time interval and tem- 
perature involved, stress did not affect the steam corrosion or 


the structure of the steels. 


Test 2 or 2000 Hr Duration at 1110 ro 1175 F 


Specimens of Carbon-Moly, 1.25 Cr-Moly, 7 Cr-Moly, and 9 
Cr-Moly steels were subjected to a steam atmosphere for 2000 


hr. 


The physical properties before and after testing for the steels 


used are shown in Table 4. 
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Fic. 7 PHOTOMICROGRAPH OF STRUCTURE OF 1.25 Cr-MoLy ArreK Fic. PHOTOMICROGRAPH OF ORIGINAL STRUCTURE OF CARBON- 
4 2000 Hr; 100 
| (Test 2: specimen A; 5000 psi stress; 1167 F.) 


“a 

: 4 

sg Fic. 9 PHOTOMICROGRAPH OF STRUCTURE OF CARBON-MOLY AFTER 
ay 2000 Hr; X 100 
| (Test 2: specimen A; 5000 psi stress; 1117 F.) 


The penetration results found for this test are shown in Table 
a 5, together with the corresponding stresses, creep values, and 
a temperatures. No relation exists between the corrosion penetra- 
a tion and the stress as shown from the results. 

a The photomicrograph for the original structure for the 1.25 
Cr-Moly steel is shown in Fig. 5, and the structure after testing 
for the highest stressed sample is shown in Fi ig. 7. Similar photo- 


micrograph for the highest stressed sample of Carbon-Moly steel 
is presented in Fig. 9. This photomicrograph shows some of the 
remaining scale. It is very difficult to retain the scale layer dur- 
ing the preparation of the metallographic specimen. It will be 
noted that an attack has occurred in the first layer of grains for 
the Carbon-Moly steel. Other than the small attack shown for 


micrographs were taken for the 7 Cr-Moly and 9 9 Cr-Moly steels; 
however, no structural change occurred. The original structure 
for the Carbon-Moly steel sample is shown in Fi ig. 8. The photo- 


this steel, intergranular attack did not take place during the 2000- 
hr test. In the case of the 7 Cr-Moly steel, some surface roughen- 
ing occurred. 
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CONCLUSIONS 


For these tests the following conclusions may be reached: 

1 The results of the 1030- and 2000-hr tests indicate that the 
stress, within the ranges of time, temperature, and stress used, 
does not influence the penetration or corrosion due to high-tem- 
perature steam for the steel tested. 

2 No intergranular attack took place except for a small 
amount in the case of Carbon-Moly steel in the 2000-hr test. 

3 Chromium content increases the resistance of steels to cor- 
rosion by high-temperature steam. 

4 The 18-8 stainless steel is extremely resistant to steam 
corrosion. 
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Automatic Uniform Rolling-In of Small Tubes 


By F. F. FISHER! ano E..T. COPE,? DETROIT, MICH. 


While successful methods for rolling-in large tubes, such 
as boiler tubes, have been developed, the rolling-in of tubes 
in surface condensers, feedwater heaters, air coolers, air 
heaters, and oil coolers has been mentioned but never de- 
scribed in the literature of the art. This paper reviews 
some of the current methods of rolling-in small tubes in 
heat exchangers, pointing out the shortcomings of each. 
The authors have conducted extensive investigations on 
the procedures of rolling-in small tubes and have devised 
an entirely new technique which they describe. The 
method employs an electric-motor-driven parallel-rolling 
self-feeding expander, which is entered to its full length 
into the tube end; damage to tube end and tube sheet 
and excessive friction between tool and tube or tube sheet 
being prevented by appropriately shaped ball-bearing 
thrust collars. The degree of expansion is controlled 
by a current-limiting relay. The effect of the starting 
current, which is greater in value than the setting of 
the current-limiting relay and would cause it to chatter, is 
controlled by an auxiliary switch built into the mechanism 
of the expander-motor drive. No special training or skill 
is required in the application of this technique. 


INTRODUCTION 


HE fastening of tubes into tube sheets, drums, and head- 
ge by expanding the ends or rolling-in, as this procedure 
is called among construction men, has been for many years 
the accepted practice in the installation of large tubes, such as 
in boilers and similar vessels and with the smaller tubes in feed- 
water heaters, air and oil coolers, and air heaters. On the other 
hand, it is only within the last fifteen years that the tubes in sur- 
face condensers have been rolled-in, and only within about five 
years that this method has been generally accepted. Previously, 
such joints were formed by means of various kinds of packing, 
each kind having certain advantages and disadvantages, but none 
as permanently satisfactory in operation or as low in cost as the 
rolled joint 
A close study of the technique for rolling-in boiler tubes be- 
came mandatory when operating pressures had increased to such 
values that the factor of safety of the joint was in some instances 
far below that of any other part of the boiler structure. In- 
stances have occurred in which certain joints could not be made 
to withstand the Code test pressure during the initial inspection, 
not to spenk of withstanding operating conditions. Two papers*-+ 
by the authors of this paper, describing the results of their study 


1 General Foreman of Mechanical Erection, Construction Bureau, 
The Detroit Edison Company. 
an Department, The Detroit Edison Company. Mem. 

**Rolling-in of Boiler Tubes,”’ by F. F. Fisher and E. T. Cope, 
Trans. A.S.M.E., vol. 57, 1935, p. 145. 

‘“The Latest Method of Rolling Boiler by F. F. Fisher 
and E. T. Cope, report of 13th General Meeting, The National 
— of Boiler and Pressure Vessel Inspectors, Columbus, Ohio, 
_ Contributed jointly by the Power Division, Heat Transfer Divi- 
sion, and the Special Research Committee on Critical Pressure Steam 
Boilers and presented at the Semi-Annual Meeting, Cleveland, Ohio, 
June 8-10, 1942, of Taz American Society or MecHanicaL Enat- 
NEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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of boiler-tube rolling, a short article’ by Pollard, which was based 
on and confirmed the conclusions stated in the authors’ paper,* 
and a McGraw prize paper® by one of the authors of this paper 
are, as far as is known, the only published articles in English 
dealing with the art and science of tube rolling. No other de- 
tailed information is available pertaining to the rolling-in of 
small tubes. 

It is true that the rolling-in of condenser tubes was mentioned 
frequently in reports of the Prime Movers Committee of the late 
National Electric Light Association and of a similar committee 
of the Edison Electric Institute, but nowhere will one find a 
description of the procedure by which satisfactory joints can be 
assured. In this paper the authors will discuss some customary 
practices and will tell of the development of a new technique by 
the use of which the small tubes installed in heat exchangers can 
be automatically rolled-in to produce joints of uniform strength 
and stability. This procedure eliminates all the guesswork in- 
herent in the rolling of joints by customary methods. Once the 
best joint conditions have been determined experimentally 
(using a given tube and tube-sheet combination), these condi- 
tions can be duplicated, so joints can be produced by anyone at a 
rate equal to or in excess of that attainable by the use of the less 
accurate method now employed. The technique of applying 
this new method also compensates for the elongation incident to 
all tube rolling, leaving the newly rolled tube in a condition in 
which there is little if any residual axial stress. 


GENERAL DISCUSSION 


A consideration of the rolling-in of large and of small tubes will 
make it apparent that the sequence of events that occurs in the 
rolling-in of small tubes is identical with that occurring with large 
tubes, as described by the authors.*-* A brief résumé of this 
description will not be out of place here. In order to allow for easy 
insertion of the tube into the tube hole, the tube hole is made 
slightly larger in diameter than the outside of the tube. Thus, 
during the expanding of the tube, the joint does not begin to exist 
until the tube has been stretched into contact with the hole. 
From this point on, expansion of the tube radially is restrained 
by the tube-sheet metal, the tube-wal! metal being forced to flow 
axially The amount of this axial movement, commonly referred 
to as “elongation,”’ bears a fairly definite relation to the strength 
and stability of the joint and is therefore used as a measure of the 
degree of expansion imparted to the joint. The metals of the 
tube wall and of the tube sheet immediately adjacent to the tube 
hole are cold-worked by this action and an increase in hardness 
occurs with a corresponding decrease in ductility and shock re- 
sistance. Because of this, the cold-working of these metals 
should be held to as small a value as is necessary to produce joints 
of the required strength and stability and preferably should be 
uniform throughout the length of the joint. 

The elongation subjects the tube to an axial compressive load- 
ing that is transferred to the tube sheets as a force tending to 
bend or separate them. In any bundle of tubes, the forces re- 
sulting from rolling-in the tubes may produce a very complex 
condition of loading of the tube sheet, unless a carefully worked 
out sequence of the rolling operation is followed, and the tubes 


5 “Tight Joints for Condenser Tubes,” by G. V. Pollard, American 
Machinist, vol. 80, 1936, pp. 953-956. 

6 ** 4 New Method for the Uniform Rolling-In of Condenser Tubes,” 
by F. F. Fisher, James H. McGraw Award, 1941, published in Edison 
Electric Institute Bulletin, Sept., 1941, pp. 373-374. 
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Fig. 1 Non-Se.tF-FEEDING EXPANDER 


are rolled to uniform elongation. The occurrence of ruptured 
tubes that have failed because of excessive axial loading probably 
attended by vibration is not uncommon, especially in feedwater 
heaters where thick-wall tubes designed to operate at relatively 
high temperatures and pressures are used. 

The authors will show that the amount of the axial stress in 
small rolled tubes can be eliminated completely or held to low 
values by the use of the new technique, which is the subject of 
the paper. Such control will also reduce and largely correct the 
complexity of the loading imposed by the tubes on the tube 
sheets. In order to gain a clearer understanding of the basis for 
this claim, brief descriptions will be given of the operation and 
use of the tube expanders usually employed. 


ExpaNnpDING Too. 


The expanding tools used on small tubes, shown schematically 
in Figs. 1 and 2, usually consist of three rollers supported by a 
cylindrical basket or cage forming the body of the tool. The 
rollers are placed at intervals of 120 deg around the axis of the 
body. A tapered mandrel extends axially through the tool body 
and contacts the rollers. The larger end of the mandrel is fitted 
to a wrench or to an air or electric motor. By these means the 
mandrel is revolved about its axis. This action revolves the 
individual rollers in a direction opposite to that of the mandrel, 
carrying the cage in the same direction as the mandrel but at a 
reduced rate. Such tools are of two types, i.e., the older non- 
self-feeding type, having the axis of any roller in a plane passing 
through the axis of the mandrel, and the self-feeding type, having 
the axis of each roller set at an angle (feed angle)’ of from 1'/, to 
2 deg to a plane passing through the axis of the mandrel. The 
taper of the mandrel varies from '/, to '/, in. per ft. 


7 Fig. 6 shows this construction. 
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The rollers of either type of tool may be cylindrical or tapered. 
If cylindrical, the diameter of the joint will be largest at the out- 
side of the tube sheet. If tapered, the taper of each roller may be 
one half that of the mandrel, a condition frequently encountered. 
The finished joint is practically cylindrical. This second type, 
the so-called “parallel expander,’’ is the one the use of which is 
strongly advocated by the authors and has been used in all tests 
reported herein. The reason for favoring this tool is that the use 
of it results in uniformly cold-worked tube walls and tube sheets 
and produces joints of approximately equal strength in either 
direction axially. 


Jornt By Use or EXPANDER 


The non-self-feeding expander is essentially a hand-operated 
tool and is not suitable for production work. When in use, the 
tool is entered to its full length into the tube, and the mandrel 
is forced forward by being driven with a mallet. The tool is re- 
volved until the tube has been enlarged enough to offer little re- 
sistance to further rolling and then the mandrel is again driven 
forward. Again the tool is revolved as before and the operation 
is repeated until the operator considers the joint to be complete. 

The action witl be understood better by the following descrip- 
tion and by reference to Fig. 1. In this illustration, the clear- 
ances, changes in dimension, and the angles of the tapered 
mandrel and rollers are all greatly exaggerated, in order to bring 
out the details of the action of the tool. The two rollers shown are 
normally 120 deg apart, but in Fig. 1 one roller is oriented into 
the plane of the sketches to lend clarity. 

Fig. 1(a) shows the position of the non-self-feeding tool at the 
beginning of the operation of rolling-in a tube. The nominal 
clearance D — d depends upon the particular choice of tube and 
tube hole. The initial tube-wall thickness, (d—/)/2, changes to 


= 
> 


x 
54 q 
| 
|| 
WA 
(a) AT BEGINNING OF ROLLING ; | 
| 
__ 
4 
| 
ro. ‘ 
; : 
| 
4 
‘ 
4 
a 
I 


FISHER, COPE—-AUTOMATIC UNIFORM ROLLING-IN OF SMALL TUBES 


(D—-1')/2 at the instant the tube contacts the tube hole, as in Fig. 
1(b), and to (D ‘— I’’)/2 when the rolling-in is completed, as shown 
in Fig. 1(c). The angle of the tapered mandrel is a and that of 
the roller a/2, so that the outside surfaces of the rollers during 
the operation of the tool generate a cylinder. 


«a BY Use or SE.F-FEEDING EXPANDER 


The three important positions of the self-feeding expander 
during the operation of expanding a tube are shown in Fig. 2. 
In this illustration, as in Fig. 1, dimensions are exaggerated, and 
the symbols and letters have the same significance as in the 
former figure. In Fig. 2(a), the expander has been introduced 
into the tube by an amount found by trial to be about correct 
which, in the rolling techniques usually employed, is determined 
largely according to the judgment of the workman. This judg- 
ment is very largely a matter of guesswork with a basis of ex- 
perience. In Fig. 2(b), the tool has advanced into the tube by 
virtue of its self-feeding characteristic and a portion of the tube 
has: been expanded into contact with the hole. The joint has 
now just started to come into existence. Further operation of 
the expander results in the condition shown in Fig. 2(c). Here, 
the expander tool is “clear home” and has produced a joint of the 
desired length but of uncertain quality. Upon the skill of 
the operator depends the complete and correct expansion of the 
joint, with contact throughout the desired length of tube. The 
self-feeding expander, in spite of the necessity for a highly skilled 
operator, is the most satisfactory tool available. This type of tool 
is referred to whenever an expander is mentioned throughout the 
remainder of this paper. 


MeEtuHops oF CONTROL 


Uniform-Entrance Method. To eliminate the uncertainty in- 
herent in the use of the self-feeding expander, several methods 
of control have been devised. The uniform-entrance method 
is one of these. In this, the rolling operation is controlled by the 
distance that the mandrel enters the body of the tool. Although 
this method produces tube ends of uniform internal diameter, it 
is obvious that uniformly expanded joints can be produced by 
this method only if the tube holes are of identical diameter and 
the tubes have the same inside diameter and thickness of wall. 
Such uniformity is seldom found in actual tubes and tube holes; 
it is customary in rolling-in tubes in an actual tube sheet, first, 
to measure a number of tube holes and tube ends taken at random 
and then to set the mandrel stop to allow a definite mandrel 
travel to suit the average conditions found. The amount of 
mandrel travel is determined by trial and experience and, be- 
cause of variations in mandrel size, is peculiar to each tool used. 

It is apparent that the chance combination of (a), the largest 
tube-sheet hole and the tube having the thinnest wall, or (6), the 
smallest tube-sheet hole and the tube having the thickest wall, 
would result in a great variation in the condition of the joints 
rolled by this method. This will be clear when it is considered 
that, in condenser practice especially, the difference between a 
joint that is properly rolled and one that is underrolled or over- 
rolled is a matter of a few thousandths of an inch. 

Elongation Method. This method, as applied to larger tubes, 
has been fully described in the authors’ papers** on boiler-tube 
rolling previously mentioned. It is believed to be the most 
scientific method yet proposed. In this technique, the tubes are 
rolled to a predetermined elongation measured individually as 
the work proceeds and, for this reason this technique is not 
readily applicable to the rolling-in of large numbers of small 
tubes because ot the labor involved. 

Current-Input Method. An improvement in the technique for 
rolling-in small tubes was described in the MeGraw prize paper® 
previously mentioned. In this the completion of the rolling-in 
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of a joint was reported to have been indicated by the rate of cur- 
rent input to the expander motor. An automatic current-limit- 
ing relay connected into the motor circuit controlled the rate of 
input, cutting off the supply when a predetermined value of 
current had been reached. This value had been determined by 
tests on sample joints and was such that uniformly and properly 
rolled joints were produced between tube holes of usual commer- 
cial variations in diameter and tubes of commercial variations 
in diameter, hardness, and tube-wall thickness. The expanding 
technique used with the current-input method of control was 
identical with that described under ‘‘Rolling-In a Joint by the Use 
of the Self-Feeding Expander.” 

The fact that the use of this control method resulted in the 
production of joints that were more uniformly rolled than had 
been possible by older methods is shown by laboratory tests 
and by the results obtained in the case of two condensers recently 
installed. In these two condensers only 27 joints in a total of 
44,000 showed signs of leakage and had to be rerolled. 

The main objection to this technique as reported was found 
to be that the output of rolled joints was less per man-hour than 
that obtained by the use of the less accurate methods employed 
at that time. The reason for this was that the line voltage of 
116 v had to be reduced by one half in order that the relay em- 
ployed would operate in a satisfactory manner. Fig. 3 is a re- 
cording-ammeter record of one rolling cycle, showing that the 
current required to start the motor and to back out the tool was 
greatly in excess of the relay setting, causing the relay to chatter. 
This interfered with rapid production of joints. A second 
shortcoming of this technique was that the relay might operate, 
giving the indication that the joint had been finished when in 
reality none or an insufficiently rolled one had been produced. 
This would occur when the tool body came into contact with 
the tube end or tube sheet, and a part of the input to the motor 
was dissipated in friction instead of in expanding the tube. In 
order to avoid this condition, considerable skill was required in 
handling the tool and, in many instances, it was necessary to 
reintroduce the expander two or three times into the tube end 
before the rolling-in was completed in a satisfactory manner. 


IMPROVED ROLLING TECHNIQUE 


A comparison of the different rolling techniques and the meth- 
ods of control showed that the current-input method possessed the 
greatest number of advantages with the fewest shortcomings. 

It would be of great advantage if a technique could be de- 
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not be specified; that applying to one tool does not necessarily 
apply to another. On the other hand, once the power input, 
over that of the unloaded-expander drive, that is necessary to 
produce joints of certain characteristics has been determined for 
a given set of conditions, similar joints can be produced at will 
anywhere by the use of a current-limiting relay similarly set, if 
the same conditions obtain. 

In order to utilize the advantages of the current-input method 
as a foundation on which to develop the ideal technique, efforts 
were made to correct the shortcomings of the former. The first 
of these shortcomings, the low rate of output, resulting from the 
use of the particular current-limiting relay available, was cor- 
rected by the introduction of an auxiliary switch. 

Auziliary Switch. The auxiliary switch was mounted on the 
tool in such a manner that it was actuated by and interlocked 
with the operation of the expander tool so that it automatically 
disconnected tie control relay during the starting of the motor 
and during the backing out of the expander, connecting it only 
during the time that the tool was expanding a tube. It is to be 
noted that the driving motor runs in one direction only and the 
change in direction of rotation of the tool is accomplished by 
means of gears and clutches built into the motor. With such an 
auxiliary switch mounted on the driving mechanism, the se- 
quence of the rolling operating is as follows. 

The auxiliary switch normally connects the motor circuit to the 
line and at the same time disconnects the relay. This is shown 


Fig. 5 Expanpina Toou WitTH AUXILIARY SwITcH 


veloped, by the use of which the output of rolled joints per man- 
hour would equal or exceed that possible by the use of other 
methods without sacrificing the uniform quality of rolling. Also, 
this procedure should be one in which a man of average ability 
and without previous training would simply insert the expander 
a predetermined distance into the tube and operate it until the 
control device indicated that the joint was fully expanded. This 
would call for an expanding technique similar to that employed 
with the non-self-feeding type of expander as shown in Fig. 1, 
but employing the self-feeding properties of the expander shown 
in Fig. 2. The degree of expansion would be controlled auto- 
matically, preferably by shutting off the power supply to the 
machine at a predetermined value of current. This is most ac- 
curately and conveniently done in an electric-motor-driven ex- 
pander by the use of a current-limiting relay. 

It is true that many of the electric-motor-driven mechanisms 
used for operating tube expanders are equipped with adjustable 
friction clutches so that they release on overload. Experience 
has shown that these devices are not as flexible or dependable as 
the current-limiting relay. This is true because the friction 
clutches are subject to wear and the adjustment of the control is 
characteristic of each individual motor drive and therefore can- 


diagrammatically in Fig. 4(a), the circuit being completed from the 
“line” to “white,” through “auxiliary switch” to “black,” and 
thence to the motor. The spindle c, Fig. 4(a), is normally held 
in this position by a spring. The direction of rotation is that 
which normally backs the tool out of the tube. The expander is 
introduced to the desired depth into the tube end, and a slight 
forward pressure is exerted by the operator on the tool; this 
pressure shifts the position of the spindle c so that the collar d 
actuates the auxiliary switch, establishing the connections shown 
in Fig. 4(b). This establishes the motor circuit through the relay 
so that the current flows from the “line’’ to “‘white,” through the 
“auxiliary switch” to “green,” through the relay to the motor. 
The axial movement of the spindle also reverses its direction of 
rotation by shifting the gear connections to the direction that 
feeds the tool into the tube, thereby expanding it. This action 
continues until the current reaches such a value that the relay 
operates to cut off the current supply to the motor, thus terminat- 
ing the rolling-in of the tube. 

A slight outward pull on the tool simultaneously re-establishes 
the electric circuit to the motor, as shown in Fig. 4(a), starting 
the motor, and reverses the direction of rotation of the spindle 
c, thereby backing out the tool. If the highest rate of rolling-in of 
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joints is to be attained, the relay should be quick-acting and the 
time required for the automatic resetting of the relay should not 
be greater than that necessary for backing the tool out of the 
tube. This arrangement, employing the auxiliary switch, has 
made possible the operation of the expander on normal line volt- 
age, removing completely the need for using half voltage, and has 
reduced the time necessary for rolling-in a joint to about one 
half of that required when the lower voltage was employed, 
making the production of joints at least as rapid as when the 
customary method was used. 

A motor drive, equipped with auxiliary switch, is shown in 
Fig. 5. 

Thrust Collars. In order to avoid the second fault, that of pos- 
sible contact between the tool and the tube end or tube sheet, 
which causes an increase in load on the motor drive because of 
friction between the body of the tool and the tube or tube sheet, 
and at the same time to avoid the necessity for repositioning the 
expander several times to a more advantageous starting point in 
the tube, the expander was entered to its full depth into the 
tube before starting the rolling-in operation, as specified under 
“The Improved Rolling Technique.”’ This position of the self- 
feeding expander prevents the normal feeding of the tool into the 
tube but the self-feeding tendency is still present. This tendency, 
if not circumvented, would bring the tool body into forcible 
contact with the tube end or the face of the tube sheet, resulting in 
damage to one or the other unless means were provided to protect 
these parts. These protective means were provided in the form 
of ball-bearing thrust collars having an inside diameter sufficient 
to clear the rollers at their greatest spread. These are shown 
in Fig.6. The bal! thrust bearing was chosen because of its con- 
stant low-friction characteristic which makes it peculiarly suita- 
ble for use in connection with control by means of the current- 
limiting relay. 

A study of the conditions found at the two ends of the tube led 
to the conclusion that the best result could be obtained if a dif- 
ferent type of collar were used on each end. It is considered good 
practice to roll-in the inlet end of all tubes first so that the en- 
trance bells or flares may be formed uniformly. In the condenser- 
tube-rolling standards adhered to in the company with which the 
authors are associated, this end of the tube is made flush with the 
face of the tube sheet. This is shown in Fig. 6(a). The bell is 
formed with a belling tool after the tube has been rolled-in. If, 
at the beginning of the rolling-in operation, the tube end is below 
the surface of the tube sheet, the action of the tool will automati- 
cally draw the tube into the desired position. If conditions make 
it necessary that the position of the tube end should be different 
from that shown in Fig. 6(a), the necessary change in the thrust 
collar would accommodate this position whether it were below the 
face of the tube sheet or beyond it. 

The discharge end of the tube presents a set of conditions that 
are entirely different from those found at the inlet end because of 
the fact that variation in the length of the tube or variation in the 
distance between the outside faces of the tube sheet may result 
in different lengths of overhang. This at most amounts to a small 
fraction of an inch. If trimming of the tubes is stipulated, it is 
not done until after the rolling-in has been completed in order to 
avoid the inclusion of cuttings in the rolled joint. 

In order to provide for the condition of overhanging tube ends 
in rolling-in the outlet ends of the tubes, an expander having a 
thrust collar with skirt is used, as shown in Fig. 6(b). The in- 
ternal dimensions of this skirt are such that the tube is cleared 
radially and axially. The same expander may be used in rolling- 
in the outlet end as was used on the inlet end. 

When the expander is inserted into a tube until the skirt touches 
the tube sheet, its operation will produce a joint of uniform pre- 
determined length regardless of the length of the tube extending 


beyond the tube sheet, if that length is not greater than the in- 
ternal depth of the skirt. The length of the overhanging end of 
the tube has been found to have an insignificant effect on the 
power requirement of the tool, and so does not affect the uni- 
formity of rolling when this is done by the automatically con- 
trolled current-input method. 


PRACTICAL APPLICATION OF THE IMPROVED TECHNIQUE 


The use of the thrust collar, in connection with the introduction 
of the tool to its full depth at the start of the rolling-in operation, 
corrected the faults mentioned and dispensed with the need for 
skilled operators. This arrangement plus the use of the expander 
tool in combination with the auxiliary switch, already described, 
and having a current-limiting relay in the motor circuit, makes it 
possible to meet the requirements of the ideal tube rolling-in 
technique, as stated under “The Improved Rolling Technique,” 
viz. “...a technique... by the use of which the output of rolled 
joints per man-hour would equal or exceed that possible by the 
use of current methods without sacrificing the uniform quality 
of rolling. This procedure would be one in which a man of aver- 
age ability and without previous training would simply insert 
the expander a predetermined distance into the tube end and 
allow the tool to operate until the control device indicated that 
the joint was fully expanded.” 

Travel Limit. It has been found expedient to make it im- 
possible for the mandrel to enter the tool body so far that the roll- 
ers come in contact with the inside of the thrust collar. It is of 
course evident that the inside diameter of the thrust collar should 
be large enough to permit the rolling of tubes in holes of proper 
size yet not large enough to admit the end of the tube. If con- 
tact between rollers and thrust collar should occur such contact 
would impose a load on the motor sufficient to operate the relay 
even though the joint would not be formed properly. Such a 
condition would occur if the tube hole were seriously oversize and 
it would appear by the action of the tool that a satisfactory joint 
had been made when in reality none had been produced. In order 
to avoid such an occurrence and to provide external evidence to 
the operator that unusual conditions exist, a travel limit, shown 
in Fig. 6, is fitted to the mandrel. This isa sleeve so placed on the 
mandrel that the sleeve comes in contact with the body of the 
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tool before the rollers come in contact with the thrust collar. 

Compensating for Elongation. The use of the thrust collar 
with a skirt for the rolling-in of the outlet end of the tube makes 
possible an innovation in tube rolling, namely, compensation for 
the elongation incident to all tube rolling. It has long been 
known that, when both ends of a tube are rolled into fixed tube 
sheets, the elongation of the second end rolled subjects the tube 
to axial compression. The compression depends on the amount 
of elongation and sets up an axial thrust which often results in 
bowing of the tube, thus displacing it and impeding the flow of 
steam or air through the passes. Instances have come to notice 
in which the failure of small tubes could be accounted for only 
on the assumption that the tubes were under severe axial stress 
resulting from overrolling or nonuniform rolling. The axial 
thrust caused by the elongation in the tube often results in marked 
deformation or displacement of the tube sheet. This can be cor- 
rected only if a carefully planned sequence of rolling the tubes in 
a given tube bundle is observed. It is obviously very desirable 
that the tube be in an unstressed condition at the completion of 
the rolling-in process. 

In order to achieve this condition, it is necessary that the elon- 
gation of the tube resulting from the rolling-in be offset in some 
manner. Elongation occurs in all tube rolling and cannot be pre- 
vented, but there seems to be no reason why it cannot be com- 
pensated for. The authors, in a previous paper,‘ proposed one 
solution to this problem. They suggested that, by the applica- 
tion of heat, the tube could be lengthened by an amount equal to 
the specified elongation, then rolled to that elongation. When 
cooled, the rolled-in tube would not be under axial stress. The 
same result may be achieved on small tubes during the rolling-in 
operation by use of the self-feeding expander equipped with a 
thrust collar having a skirt as described. This desirable condi- 
tion occurs automatically as will be shown. 

Let it be assumed that a tube has been rolled-in at the inlet 
end and that the outlet end is ready for rolling. The expander, 
equipped as shown in Fig. 6(b), is entered into the unrolled end 
until the skirt is in contact with the tube sheet, and rolling be- 
gins. The skirt, being in contact with the tube sheet, prevents 
the expander from feeding into the tube as would normally hap- 
pen if no stop were present. Instead of feeding into the tube, the 
expander tends to draw the tube outward. But the tube is held 
rigidly at its opposite end, and the action places the tube under 
tension by a force equal to the axial pull of the tool. This 


TABLE 1 RESULTS OBTAINED IN ROLLING-IN FOUR CON- 
DENSER-TUBE JOINTS¢ 
(Tubes were */, in., 18 gage, 21 ft long) 
Stretching 
of tube, 
as shown by Value of 
movement at Net change current at 
end being in length end of Push-out 
Joint rolled-in, Elonga- of tube,¢ rolling-in, strength, 
no. in. tion, in. in. amp lb 
1 0.0070 0.0098 +0.0028 1.7 2250 
2 0.0111 0.0087 —0.0024 | Fe 2250 
3 0.0072 0.0100 +0.0018 iy 2450 
4 0.0133 0.0103 —0.0030 1.45 2050 


@ Length of joint %/;. in; feed angle of tool 1° 30’. 

6 The correctness of this reading is questioned. ? 

¢ A plus (+) net change in length of tube represents a compressive 
final loading, and a minus (—) net change in length represents a tension final 
loading of a tube. 


stretches the tube measurably. The amount of this stretching 
appears to depend upon the feed angle of the expander, the num- 
ber of rollers, and the length of the rollers in contact with the 
tube. The ideal combination of these factors would be attained 
if the stretching of the tube were exactly equal to the desired 
elongation, and completion of the rolling-in of the joint with its 
incident elongation would leave the tube in an unstressed condi- 
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tion axially. That this has been virtually accomplished will ap- 
pear from the results of the following tests. 


Test FOR VALIDITY OF COMPENSATION FOR ELONGATION 


In order to prove the correctness of the theory, that compen- 
sation for elongation would leave the tube in an unstressed con- 
dition axially, a series of tests was conducted on a 3/,-in. 18-gage 
condenser tube held between tube sheets 21 ft apart. The neces- 
sary readings were made to check the stretching of the tube dur- 
ing the rolling-in up to the instant of contact between the tube 
and tube hole and the effect of elongation in compensating for 
this stretching. The results of these tests are shown in Table 1. 

The results shown in Table 1 were obtained by an operator 
who had never rolled-in a tube in an actual condenser and had 
none of the training or skill usually found necessary with the other 
methods of rolling. There was no need of any skill. All that was 
required was to make sure that the tool was properly inserted 
into the tube before the operation was begun and to reverse the 
expander when the relay operated. Point ¢ in Fig. 3 shows the 
value of current at which rolling-in is terminated. 

An examination of the results shown in Table 1 reveals that 
in two of the four cases the stretching of the tube during the roll- 
ing-in more than compensated for the elongation. In all cases 
there was little residual stretching or axial compressing of the 
tube. If the four joints tested had been successive or contiguous 
in the tube sheets of a heat exchanger, the net load on the section 
of tube sheets to which they were attached would have been small 
indeed, and the ideal condition of unstressed tubes and tube 
sheets would have been approached. 

Rough quantitative checks obtained recently in rolling-in a 
portion of the tubes in a large condenser confirm the results of 
these tests. 

The study of this method of tube rolling has not been extended 
by the authors to include other values of clearance between tube 
and hole, the use of tools having different feed angles, or joints 
of different length. Time did not permit such an extended study. 
It is hoped that other investigators may undertake to study the 
effect of variations in these items. 


SUMMARY 


This paper reviews some of the current methods of rolling-in 
small tubes such as are used in surface condensers, feedwater 
heaters, air and oil coolers, and air heaters, pointing out the short- 
comings of each method. It emphasizes the fact that an operator 
who undertakes to roll-in joints by any of these methods must 
be well trained and must possess considerable skill in using the 
expander tool. Yet, even in the hands of the most expert oper- 
ator, uniform joints of optimum rolling cannot be assured. The 
elongation incident to rolling is always present, as is also the re- 
sulting condition of axial loading of the tube which produces 
complex loading and deformation of the tube sheets. A carefully 
planned sequence of rolling must be applied in order to distribute 
this loading in such a manner that tube failures may be avoided. 

An entirely new technique of rolling-in tubes is described. This 
employs the familiar tools with the addition of appropriate thrust 
collars. The tool is entered to its full depth into the tube at the 


beginning of the operation and the current-limiting relay auto- . 


matically stops the rolling by shutting off the current to the 
motor when the joint has been expanded by the correct amount 
as determined previously by laboratory tests on sample joints. 
This relay is not in the circuit during the starting of the motor 
or during the backing out of the tool, a very important new de- 
velopment. In this technique the elongation is compensated for 
in whole or in part by the stretching of the tube during the first 
stage of the operation, that in which the tube end is enlarged to 
fit the tube hole. 
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Results obtained from tests on rolled joints involving a 3/¢- 
in. 18-gage condenser tube 21 ft long are given. In these, the net 
final uncompensated axial stretching of the tube in the joints 
studied was about one fourth of the normal elongation. The re- 
sulting force imparted to the tube sheets would be very small as 
compared with that normally imposed by the other methods of 
tube rolling. 

This new technique is independent of the skill and training of 
the operator so that any normal person with no previous experi- 
ence in tube rolling can apply it to produce joints that are rolled 
uniformly to the desired degree at a rate equal to or greater than 
that attainable by the use of the other methods. 

While it is true that this technique has been applied only to the 
rolling-in of condenser tubes, there appears to be no valid reason 
why it cannot be applied successfully to the rolling-in of the small 
tubes in all types of heat exchangers. 


Discussion 


J. F. Grace.® In the rolling operation of Worthington Pump 
and Machinery Corporation, the tool head is inserted to full depth 
at the start as in the Fisher and Cope method, but the tool skirt 
which covers the projecting end of the tube bears against the 
tube sheet as a lubricated sliding thrust. The ball bearing em- 
ployed by the authors is not used. 

The method of tube rolling, described in the paper, employs 
electric-motor drive and a relay adjusted after test upon samples 
of tubes. The thickness and hardness of samples control the 
current flow allowed for the rolling operation. 

In Worthington practice, compressed-air motor drive is em- 
ployed. Experiment likewise determines the correct tool setting. 
The limit of rolling is effected by means of a sleeve machined to 
the length determined by experiment upon the sample. This 
sleeve is placed over the mandrel between the tool body and the 
“travel limit” indicated in Fig. 6 of the paper and apparently ex- 
ercises control of rolling as does the electric-drive and relay cur- 
rent-limit method. 

In rolling with the method described in the paper, thicker tubes 
require more current. We thus assume the relay is reset for higher 
current flow. In Worthington practice, when overgage tubes are 
encountered, a longer stop sleeve is used to reduce the travel of 
the tapered mandrel. 

In any case the tool should be entered to the full depth at the 
start of rolling as is done in both methods. 


AvutTHors’ CLOSURE 


The familiar uniform-entrance method of rolling-in condenser 
tubes, described by J. F. Grace, produces joints in which the 
inside diameter of the tube is uniform when a stop sleeve of given 
length is used. This method was tried once by the authors’ 
company, but the results were not as satisfactory as had been 
hoped for, since this method does not take into account the vari- 
ations, permitted by commercial specifications, in the diameter 
of the tube-sheet holes and in the thickness of the tube wall. 

In the production of joints in which the metal is uniformly 
yet not excessively cold-worked, and the axial push-out strength 
is reasonably uniform, this method using a stop sleeve can be 
applied only when all the tube-sheet holes are of identical diame- 
ter and the tubes have the same wall thickness and outside 
diameter. 

Because such uniform dimensions are not found in commercial 
tubes and tube-sheet holes, the authors undertook to develop a 
technique of rolling tubes that would be independent of the 


* Design Engineer, Worthington Pump and Machinery Corpo- 
ration, Harrison, N. J. Mem. A.S.M.E. 


common variations found. The paper describes the results ob- 
tained. The technique that they have developed might be 
applied to the air-driven expander, if a satisfactory control device 
were available. Such devices as can be obtained are not nearly 
as flexible as are those readily available for the control of the 
electric-motor-driven expander. 

At the time of writing this closure, the authors are applying 
their improved technique to the rolling-in of about 2000 tube- 
hole plugs in two condensers that have been in service for several 
years. It is believed that this experience will be of sufficient 
interest to others so that it may be related in some detail. 

About 1000 tubes are to be removed from each of the con- 
densers serving two 50,000-kw turbogenerators in order to reduce 
the surface area. At one end, the joints between tube and tube 
sheet were sealed with packing held in place by threaded ferrules. 
The tube-sheet holes left open by the removal of those tubes 
were plugged by means of threaded plugs. At the other end, the 
joints were rolled into the tube sheet so that the simplest way to 
close these tube holes was to roll-in plugs made from short (5-in.) 
lengths of condenser tube, having one end sealed. The open end 
of each plug was prerolled to an outside diameter slightly larger 
than that of the average tube hole so that the plugs would fit 
snugly if not tightly in the holes, thus facilitating rolling-in. 

In order to determine the correct setting of the current-limiting 
relay to be used in connection with the rolling-in of these plugs, 
detailed information which was not available, the authors con- 
ducted laboratory tests on a few joints using plugs rolled into a 
piece of brass tube sheet which was available. The only differ- 
ence between the laboratory tests and the work on the condenser 
was in the tube-sheet holes. Those in the tube sheet used in the 
tests were freshly reamed to a fairly uniform size and the 
surfaces were smooth while those in the condenser tube sheet had 
not been rereamed after the tubes were removed, but had been 
cleaned by means of a wire brush. The values obtained in the 
test are given in Table 2, herewith. 


TABLE 2 RESULTS OF LABORATORY TESTS IN ROLLING-IN 


1-IN. PLUGS IN SAMPLE TUBE SHEETS 
Specimen no. 1 2 3 4 
Initial outside diameter of prerolled 


Initial inside diameter of prerolled end 

0.9190 0.9190 0.9190 0.9190 
Inside diameter of hole before rolling- 

in, in. 1.0138 1.0130 1.0145 1.0135 
Inside diameter of end of tube after 

rolling but before pushing out, in. 0.923 0.9215 0.9245 0.9210 
Push-out strength of joint, Ib......... 1640 1430 2300 1550 


Average Rockwell hardness E of unrolled tube...................... 60 
Average Rockwell hardness E of prerolled end of tube............... 84 
Average Rockwell hardness E of rolled end of tube after pushing out.. 91 


Measurements made on several tube holes, taken at random in 
the condenser tube sheet, revealed that the holes varied from 1.012 
to 1.015 in. in diam. Such a variation would have no effect on 
the results of rolling-in tubes by the authors’ method, and no 
importance was attached to the fact that this or a larger varia- 
tion might exist. It is to be noted in this connection that, in the 
laboratory tests, the inside diameter of the rolled portion of the 
tubes, taken before pushing out the tubes, varied from 0.9210 in. 
(specimen no. 4) to 0.9245 in. (specimen no. 3) with an average 
value of 0.9225, and the axial load required to break the joints 
varied from 1430 to 2300 lb with an average value of 1730 Ib. 

The tests revealed that the motor-driven expander used in the 
tests, the same one that was to be used in rolling-in the plugs in 
the condenser, when operating on 115-v alternating current, drew 
1.10 a, while running idle, and 2.35 a, maximum, while rolling-in a 
l-in. plug to 0.010-in. elongation, the value that appeared to be 
the optimum. In consequence, the current-limiting relay was 
adjusted to operate at 2.35 a. 

After this adjustment had been made, four additional plugs 
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were rolled-in using the full automatic features of the technique. 
In addition, a dial indicator was attached to each plug while it 
was being rolled-in, in order to determine the elongation actually 
attained. The conditions which prevailed when rolling plugs 
into sample tube-sheet holes from which tubes had been removed 
duplicated almost exactly the conditions found in the condenser. 
After rolling-in, these plugs were pushed out by means of the 
testing machine in order to determine the push-out strength. 
It was found that, with the 2.35-a setting of the current-limiting 
relay, the plugs had been rolled to an average elongation of 0.009 
in. and the push-out load varied from 1565 to 2000 lb, with an 
average value of 1760 lb per tube. 

After the tests had been completed, which required about 1 
day for one man, the expanding equipment used in the tests was 
taken to a condenser which was undergoing alteration and the 
authors’ technique was applied in rolling-in the plugs. Since the 
tubes in the two condensers were all 1 in. OD and of approxi- 
mately the same hardness, no resetting of the current-limiting 
relay was necessary when the tool was transferred from one con- 
denser to the next as the work advanced, or for future work on the 
same size tubes. 

The job of rolling-in the plugs in the condensers was assigned 
to a'mechanic’s helper, who had never operated a tube expander 
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before. The elapsed time for rolling-in ten plugs in a row was 
noted. This was 90 sec, or 9 sec per joint. This time, of course, 
does not include the time necessary to insert the plugs into the 
tube-sheet holes and drive them into place. 

Supplementary tests have been conducted in order to deter- 
mine if satisfactory joints would be obtained when maximum and 
minimum commercial clearances prevailed and when tubes of 
various hardnesses were rolled according to the authors’ improved 
technique. 

In Table 3, each item represents the average results obtained on 
three or more individual joints. 

Item 1 represents the minimum commercial tolerance in clear- 
ance and Item 2 the maximum. 

Item 3 represents the softest tube that was readily available 
and Item 4 the hardest. In all of these cases, the cold working 
of the metal was not excessive in the authors’ opinion, and the 
strength of the joints was ample and reasonably uniform, con- 
sidering all the variables involved in the rolling of any joint. 
These data substantiate the belief previously expressed that this 
technique is universally applicable to the rolling of condenser 
tubes of commercial hardnesses and dimensional tolerances, and 
further, they leave no uncertainty regarding the suggested limita- 
tions of the technique voiced by Mr. Grace. 


TABLE 3 
Hardness Hardness 
of tubes of inside 
before Push-out of rolled to 

ube diam, e diam, rolling, ongation, t) section, ing ax, 
Item in. in. Roekwell E in. Ib’ ockwell amp. amp 
1 0.752 0.755 68 0.008 1728 90 0.82 1.25 
2 0.748 0.760 67 0.008 1630 92 0.82 1,25 
3 0.751 0.761 58 0.009 1670 88 0.82 1.25 
4 0.750 0.7 77 0.007 1960 95 0.82 1.25 


| 

stu 
tim 
Sw 
resi 
of t 
diff 
tes' 
pre 
anc 
of 
can 
hea 
4 ter 

2 
4 pap 
4 
i Sen 
4 Au 
und 
the 


Heat Transfer and Fluid Resistances in 
Ljungstrom Regenerative- Type 
Air Preheaters 


By HILMER KARLSSON! anp SVEN HOLM,? WELLSVILLE, N. Y. 


This paper includes a review of the experiments and 
studies on the heat transfer and pressure drops in Ljung- 
strom regenerative-type air preheaters, as carried out some 
time ago by the Ljungstrom Steam Turbine Company in 
Sweden (1).* It also includes some theoretical investiga- 
tions reported in the European technical press, as well as 
results of tests carried out at the Wellsville, N. Y., plant 
of the Air Preheater Corporation, on pressure drops across 
different types of heating surface. Partial results of the 
tests made in Sweden have been published in the European 
press and during the World Power Conference in Tokio in 
1929 (2). Although this review covers particularly theories 
and tests underlying the principle of the Ljungstrom type 
of continuous regenerative air preheater, these theories 
can also be applied to other regenerative types of air pre- 
heaters. Regenerative air preheaters are either of the in- 
termittent or the continuous type. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


a = height of notch (heating surface elements, see Fig. 3), 
mm 
C = conductivity, Btu per sq ft per deg F per hr, 1 ft thick 
¢; = specific heat of gas at constant pressure, Btu per lb per 
deg F 
¢; = specific heat of air at constant pressure, Btu per lb per 
deg F 
¢; = specific heat of steel in heating elements, Btu per lb 
per deg F 
d = 2a + 0.7 u = hydraulic diameter referred to Ljung- 
strom type heating surface, mm 
E, = sensible heat of gas flowing G; X c:, Btu per deg F per 


hr 

E, = sensible heat of air flowing G: X c:, Btu per deg F per 
hr 

E, = sensible heat in heating elements W X c, Btu per deg 
F 

e = base of natural logarithms = 2.718 

F = total effective heating surface = F; + Fs, sq ft 

F, = heating surface gas side = r X F, sq ft 

F, = heating surface air side (1 — r) X F, sq ft 

G, = weight of gas flowing, lb per hr 

G, = weight of air flowing, lb per hr 

k, = heat-transfer coefficient of gas to heating elements, Btu 


per sq ft per deg F per hr 


‘Chief Engineer, Air Preheater Corporation. 

? Research Engineer, Air Preheater Corporaton. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Cleveland, Ohio, June 8-10, 1942, of Tax 
American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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AP = pressure drop, in. wg 


t'a, = air temperature leaving at beginning of air period, F 


t’a, = air temperature leaving at end of air period, F 

tg = mean temperature of gas leaving, F 

tg, = gas temperature entering, F 
t’g9: = gas temperature leaving at beginning of gas period, F 
t’g: = gas temperature leaving at end of gas period, F 

t’;, = temperature of heating elements at point of gas enter- 


At’ and At” = temperature difference, F 
Atm = mean temperature difference, F 


k, = heat-transfer coefficient, heating elements to air, Btu 
per sq ft per deg F per hr 

L = length of path of heat flow, ft 

L = depth of heating surface, ft 


m = ratio of sensible heats, air to gas = = 


N = revolutions per minute, rpm 
n = revolutions per hour, rph 
P = perimeter of cross section, ft or in. 


Q = quantity of heat, Btu per hr 
r = fraction of effective heating surface in gas stream 
S = area of cross section, sq ft or sq in. 
s = plate thickness, in. 
ta = mean temperature of air leaving, F 
ta, = air temperature entering, F 


ing and at beginning of gas period, F 
1 = temperature of heating elements at point of gas enter- 
ing and at end of gas period, F 
ty, = temperature of heating elements at point of gas leaving 
and at beginning of gas period, F 
t’,, = temperature of heating elements at point of gas leaving 
and at end of gas period, F 


u = depth of undulation (heating-surface elements; see 
Fig. 3), mm 


u/d = specific undulation 


U = over-all heat-transfer rate, Btu per sq ft per deg F per 
hr 
V = velocity, fps 
V, = mass velocity in free duct area, lb per sq ft per sec 
Voo = mass velocity through element channels, lb per sq ft eS 
per sec 
W = weight of heating elements, Ib 
X = direction of gas flow 
Y = temperature scale 
Z = direction of rotation 
8 = correction factor for heating surface 


ta — ta; 
% = air temperature efficiency = ————— 
tg, — ta, 
tg: — tg 
% = gas temperature efficiency = ————— 
tg, — ta; 

Ne Ng 


n = mean temperature efficiency = 


n’ = mean temperature efficiency when rotor speed is taken 
into account 
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COOLED FLUE GAS 
TO INDUCED-DRAFT FAN Pa: 


COLD AIR FROM 
FORCED-DRAFT FAN 


SOOT BLOWER 
ARRANGEMENT 


HOT FLUE GAS HEATED AIR 


Fie. 1 


VertTicaL-FLow Type or LiunGstrom AIR PREHEATER 


Fic. 2. Entarcep Cutaway Detait or NotcHep UNDULATED 
Type Heatinc SuRFACE 


n” = mean temperature efficiency when heat conductivity 
in gas-flow direction of heating surface is not taken 
into account 
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Fic. 5 CorruGaTep PLAIN 
HEATING SURFACE 


Fig. 4 CorruGatep Un- 
DULATED TyPpE HEATING 
SURFACE 


Fic. HEATING SURFACE 

SHeets Wits INciINep Un- 

DULATIONS SET BETWEEN 

VERTICALLY NOTCHED 
SHEETS 


An = drop in temperature efficiency due to conduction of 
heat in elements in direction of gas flow 
p = density, lb per cu ft 
7, = time of rotating heating surface in gas stream, hr 
tT: = time of rotating heating surface in air stream, hr 


DESCRIPTION OF CONTINUOUS REGENERATIVE HEATER 


The continuous regenerative principle employed in the Ljung- 
strom air preheater includes the use of a slowly moving rotor 
containing the heating surface. Each revolution produces a com- 
plete cycle of exchange in which heat from the hot gases is con- 
stantly absorbed by the heating surface in the rotor and given up 
as the rotation moves it into the path of the combustion air. 

Fig. 1 is a view of the vertical-flow type of Ljungstrom air pre- 
heater with part of the housing cut away to show the integral 
parts. Fig. 2 is an enlarged detail of the rotor with part of the 
shell cut away to show the arrangement of present standard-type 
heating surface known as the notched undulated. As shown in 
this illustration the heating surface is arranged in two layers. 
Each layer of heating surface is designed to suit the particular 
operating conditions to be encountered. This type of heating sur- 
face is most widely used at present in the Ljungstrom type of air 
preheater and is illustrated in Fig. 3. Fig. 4 illustrates the cor- 
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rugated undulated type of heating surface used prior to the adop- 
tion of the notched undulated type, while Fig. 5 illustrates the 
corrugated plain type of surface which was used at the time this 
type of air preheater was first made commercially available. 
Figs. 4 and 5 are included to illustrate the development and also 
the great variation in types of surface that can be used and will be 
referred to later. 


EFFICIENCY OF LJUNGSTROM CONTINUOUS REGENERATIVE TYPE 
PREHEATER 


Throughout this paper, the efficiency used to express the heat 
recovery of the air preheater is the temperature efficiency. By 
actual measurement of temperatures of gas and air entering and 
leaving, this efficiency can be calculated as follows: 


Gas temperature efficiency », = 


Air temperature efficiency 7, = 


+ 


Mean temperature efficiency » = 9 


In these formulas, tg is the theoretical temperature of the gases 
leaving the air preheater that would be obtained if no air infiltra- 
tion toward the gas side of the unit takes place. 

The temperature efficiency varies with the proportion of areas 
for gas and air flow through the heater and also with the ratio of 
sensible heats in air and gas flowing. A complete theoretical 
treatise covering the influence of these factors has been carried 
out by Messrs. Hakanson and H. Zander (3). Equation [1] and 
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the diagram in Fig. 6 are taken from this treatise (3) and show the 
final results of the investigation 
0.525 (1 — r)*2 x 


G- 1) 1 + 081 (= 
Tz G-") 


From Equation [1], it can be seen that », is a function of the 
heat-transmission coefficient, effective heating surface, and sensi- 
ble heat in gas flowing. When, from measurements, 7, has been 
determined, k; can be calculated by using Equation [1]; k, can 
also be calculated by using Equation [1], using values corre- 
sponding to the air side of the preheater. In the special case, 
when m = 1, the use of Equation {1] will result in the indeter- 
minate form » = 0/0. By differentiation with respect to m, the 
equation becomes 


0.525 (1 — X mos 


1 + 0.81 mos 


0.525(1 — r)%2 
0.2 
"No kiF 0.525(1 — [2] 
1+— 
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l 0.2 
Fig. 6 shows how 7, n,, and 7, vary with m for a given set of con- 
ditions. 
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Errect or Air LEAKAGE 


In establishing the actual efficiency of an air preheater on the 
basis of test data on actual installations, the question of air leak- 
age must be considered. 

From quantitative analysis of gases entering and leaving an air 
preheater, the increase in gas quantity caused by air infiltration is 
determined. Knowing this and the temperature of the air enter- 
ing the air preheater, the reduction in gas exit temperature caused 
by infiltration of cold air is estimated, thus arriving at the gas 
outlet temperature used to determine the efficiency of the air pre- 
heater. 


INFLUENCE OF RaTIo OF SENSIBLE HeEATs—AIR TO Gas THROUGH 
PREHEATER 


The influence of this ratio (1) is shown in Fig. 7. According to 
this diagram, this relation has no practical influence in normal 
cases but at very high mean temperature efficiencies and low 
ratios between sensible heats in air and gas, the effect is of im- 
portance. 

Example: Take the mean temperature efficiency of 70 per cent, 
and m = 1, and m = 0.6, we then obtain, according to the diagram 
x 1 


x — 
Gic, + Gree 


UF = 0.215 and 0.186, respectively. 


In other words, an increase in effective total heating surface of 
about 15 per cent is required at the lower m value for the same 
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temperature efficiency if the sum of gas and air flow in both cases 
is equal. 


INFLUENCE OF Rotor SPEED ON TEMPERATURE EFFICIENCY 


A very complete study as to the influence of the rotor speed on 
the efficiency of a Ljungstrom continuous regenerative type of air 
preheater has been made by Gustav Boestad of the Ljungstrom 
Steam Turbine Company in Stockholm, Sweden, the results of 
which have been published (4). The following note is abstracted 
from this paper: 

As the rotor revolves, the temperature of the heating surface 
increases while passing through the gas compartment so that the 
temperature is higher at the end of that period than at the be- 
ginning. The rate of increase in temperature is higher at the be- 
ginning than at the end of the period because of the higher tem- 
perature difference existing at the beginning. By the same token, 
the temperature of the heating surface decreases at a higher rate 
in the beginning of the cooling period in passing through the air 
compartment. 

Fig. 8 shows a diagram of the temperature changes mentioned. 
In this illustration tg, indicates the constant inlet gas temperature. 
The solid lines ¢’y,-t’s; and t’y2.-t’s, denote the temperature at 
the hot and cold ends of the heating surface during the heating 
period. The dotted lines similarly designated refer to the cooling 
part of the cycle or air period. 

The lines ¢’a,-t’a, and t’g,-t"g. show the temperature varia- 
tion of the air and gas leaving the air preheater as affected by 
rotor travel. 

A complete mathematical analysis of these curves is made by 
Boestad (4). 

The space diagram, Fig. 9, gives a comprehensive idea of the 
temperature cycles in a Ljungstrom type of air preheater. The 
variation in efficiency with variable rotor speeds can be estimated 
from Equation [3], which can be used for variations in efficiency 
greater than 0.05 and when the temperature efficiency is greater 


than 0.5. 
’ (n)? E; 


This formula is not true for n = 0, because then 7 — n’ becomes 
infinite. 

For very low speeds, all of the regenerative mass (heating sur- 
face) will reach the temperature of the gases when passing 
through the gas compartment and reach the temperature of the 
cold air when passing through the air compartment. The ef- 
ficiency will then depend, for a limiting condition, when n = 0 
only, upon the storage capacity. We then obtain 


n E,(tg: — 
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Fig. 9 Space DiaGRaM oF TEMPERATURES IN PREHEATER 
(Symbols are the same as in Fig. 8.) 


the slope of the temperature-efficiency curve, as depending upon 
n, forn = 0 is then by differentiating 


dy _ 
dn E, 


The following example will explain the use of Equation [3]: 


Gas quantity = 220,500 lb per hr 

Sensible heat in gases Z; = 61,800-Btu per deg F per hr 
k, = 5.12 Btu per sq ft per deg F per hr 
k, = 7.17 Btu per sq ft per deg F per hr 
F, = 50,400 sq ft 
F, = 34,500 sq ft 
n = 0.69 at 180 rph 
E, = 4500 Btu per deg F 

Forn = 10 

, 0.69% 61,800 \* 


n’ = 0.69 — 0.09 = 0.60 
The slope of the efficiency curve at n = 0 is 


dn 4500 
61,800 ~ 

Fig. 10 shows a decrease in temperature efficiency with a de- 
crease in rotor speed. It is evident from the curve that above a 
speed of 30 rph the gain in efficiency possible by increase in rotor 
speed can be neglected. 


TEMPERATURE OF HEATING SURFACE 


It is important that every portion of the heating surface in an 
air preheater be maintained at a temperature above the dew point 
of the gases in order to avoid difficulties with corrosion. This re- 
quires that the designer should have a knowledge of the actual 
metal temperatures to be anticipated, besides which the following 
rules should be observed: 
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1 The use of high gas-mass velocity and low air-mass velocity 
will maintain the highest possible temperature of the heating sur- 
face. 

2 Avoid turns, whirls, and dead corners with resulting possible 
undercooling of the heating surface. 

3 Avoid pulsating admission mainly on the cold-air inlet. 

4 Provide accessibility to the heating surface, as well as prac- 
tical and efficient cleaning facilities. 


The heating surface of a regenerative-type air preheater passes 
through periodical temperature variations, about the character of 
which most of us have the wrong conception. 

Fig. 11 from reference (5) shows a typical method of determin- 
ing the minimum temperature of the heating surface. In this 
illustration, the necessary data used are from the previous ex- 
ample under the heading “Influence of Rotor Speeds on Tempera- 
ture Efficiency.” 

For the recuperative type of air preheater, the heat-transmis- 
sion coefficient on the gas side is laid off at the inlet-air tempera- 
ture of 80 F to the left, and the heat-transmission coefficient on the 
air side is laid out to the same scale at the gas-outlet temperature 
to the right. The line connecting these two points intersects the 
temperature scale at about 141 F. 
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For the regenerative type of air preheater, the heat-transmis- 
sion coefficient on the gas side multiplied by the proportionate 
time the heating surface is in the gas stream is laid off to the left 
at the inlet-air temperature; and the heat-transmission coefficient 
on the air side multiplied by the proportionate time the heating 
surface is exposed to the air stream is laid off to the right to the 
same scale as the outlet-gas temperature. The line connecting 
these points intersects the temperature scale at about 153 F. 
The diagrams, Fig. 11, are based upon the assumption that fluid 
temperatures and mass velocities are uniform at the inlet to the 
heating surface. They show that, for similar conditions, the 
metal temperature in a Ljungstrom type of heater is higher than 
that in the recuperative type heater. 

Fig. 12 illustrates the fluctuation in the temperature of the 
heating surface with the rotor speed. The data used in plotting 
this diagram are the same as those used for the diagram shown in 
Fig. 11 and in the previous example. If, because of cooling the 
heating surface below the dew point, corrosion occurs, it is desira- 
ble to provide that the portion of the surface so affected will be 
readily replaceable. Fig. 2 illustrates clearly the provision made 
in the design of the Ljungstrom air preheater to accomplish this 
purpose. The heating surface is arranged in two layers. The 
depth of each layer is proportioned so that corrosion under the 
worst anticipated conditions will occur in the shallow layer only, 
which can be replaced at low cost. In this connection, it will be 
noted that corrosion of the heating surface in a regenerative type 
of air preheater does not reduce its efficiency until there is an ac- 
tual loss in surface area. This condition, however, will not cause 
mixing of the two fluids. 

Fig. 13 shows the effect of travel through gas and air compart- 
ments on the temperature of the metal of regenerative type air 
preheaters of the Ljungstrom type at 180 rph. The space between 
gas and air and vice versa indicates the sealing period. 


INFLUENCE OF Heat ConpuctTion oF HEATING SurRFACE IN D1- 
RECTION OF Gas FLow (1) 
The influence of this heat flow is shown by the diagram in Fig. 
14. 
Example: Let it be assumed that the sensible-heat content of 
air and gas are equal, —Z, = E,; that the heat-transmission coef- 
ficient on the gas and air sides is equal, k; = k,; = k; and that the 


 300°F 300°F 

JEFFICIENCY % 

= = 7 

300 

f 

= | 200° H ORDINATES IN SHADED AREA REPRESENT 

= = 5 L 

x FLUCTUATION IN METAL TEMPERATURE 

x 4 + 
' MEAN METAL TEMP 
a a (ZZ 
TY GZ 

Ki a KT, a 100 

A 

HEAT’ TRANSMIT TED BTU HR 

= = “WEIGHT OF ELEMENT PLATES 

SPECIFIC HEAT OF METAL BTUALB 

—¢ 50 100 150 200 RPM 

RECUPERATOR REGENERATOR ' 2 3 4RPM 


Fig. 11 MretHop or DETERMINING 

Minimum TEMPERATURE OF HEATING SURFACE 

Waen Heat-TransFer Rates K anp Time r ARE 
Known 


INFLUENCE OF ROTOR SPEED ON TEMPERATURE 
AT COLD END OF HEATING ELEMENTS 


Fie. 12 Inrivuence or Rotor Speep ON TEMPERATURE AT CoLp ENp oF HEATING 


ELEMENTS 


4 
aN 
| 
| | 
| 
| au | | | 
| 
ae 
| | | 
| | | 
} 
| 
| 
50 60 RPH 
23 15 REM 
ROTOR PEED 
4 
al 
4 
a 
4 


66 TRANSACTIONS OF THE A.S.M.E. 


re x TEMP 


METAL TEMP 


25 


SEALING SPACE BETW- 
GAS AND AiR 
COMPARTMENTS 


CAS aR 


25 


Fig. 13 TEMPERATURE VARIATION AT CoLD END IN REGENERATORS 
During One Gas AND PERIOD aT 3 Rem 


plate-temperature difference between inlet and outlet reduced 
through the heat conductivity of the plate from At’ to At’. Then 
the heating surface must be increased in the relation 


1 x 
1— At’ 
1 i x loge (6] 
At At 
A wf : 


At 
A’ L 2k ‘ 


For the 30-deg notched-undulated elements with a hydraulic 
diameter of d = 7 mm, a mass velocity of gas of 0.82 lb per sq ft 
per sec, a depth of element in the direction of travel of flow = 
23'/, in., and an element thickness of No. 24 USG, the decrease in 
mean temperature efficiency is less than 0.2 per cent. It increases 
slowly with increasing plate thickness and decreasing hydraulic 
diameter and mass velocity of fluids. At the especially low mass 
velocity of 0.2 lb per sy ft per sec and d = 7 mm, it has a value of 
0.6 per cent. 


Various Types or Heatine SurFACE 


One of the main advantages of the continuous regenerative type 
of air preheater is its adaptability to the use of heating surfaces 
of different shapes and forms, while in the case of the recuperative 
air preheater, the designer is more confined to the conventional 
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HEATING SURFACE 


Fig. 14 Decrease IN MEAN TEMPERATURE Errictency An Dur 
to Heat Conpwctivity OF PLATE tn Gas-FLOw DrREcTION 


forms of heating surface available. In order to determine the type 
of heating surface most suitable to the requirements to be met 
with an air preheater of the regenerative type, considerable ex- 
perimental work was required. 

In the development of the Ljungstrom air preheater, a great 
many different forms of heating surface have been tried out, 
three of which have been commercially used. The type of surface 
first used commercially in the Ljungstrom air preheater was that 
illustrated in Fig. 5 and termed the corrugated plain type. 

Further experimentation led to the adoption of the corru- 
gated undulated type of heating surfaces, shown in Fig. 4. This 
second commercial type of heating surface adopted had the ad- 
vantage of providing fewer contacts between the individual sheets, 
thus resulting in a higher percentage of effective surface. 

Further laboratory studies led to the adaptation of the notched 
undulated type of surface now used as standard in the Ljung- 
strom regenerative type of air preheater, which type of surface is 
illustrated in Figs. 2 and 3, the form of which has been previously 
described. 

Prior to the adoption of this type of surface in general practice 
in the United States, two size 18 Ljungstrom air preheaters, in- 
stalled at the Kearny, N. J., plant of the Public Service Electric 
and Gas Company, were equipped with the notched undulated 
type of surface. At this plant, a total of six size 18 vertical- 
flow-type Ljungstrom units are installed in connection with three 
2350-hp boilers, the air preheaters being arranged in pairs on each 
boiler. Elaborate boiler tests were perfomed on the boiler having 
the Ljungstrom air preheaters equipped with the notched un- 
dulated type of heating surface and also on one of the boilers hav- 
ing its air preheaters equipped with the corrugated undulated 
type of heating surface. These tests gave the following results: 


1 That the mean temperature efficiency of the air preheater 
was increased 2.2 per cent. 
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2 That the friction losses on the gas side of the air preheater 
decreased 45 per cent. 

3 That the friction losses on the air side of the air preheater 
decreased 40 per cent. 


In this connection, it is also interesting to note that, with the 
notched undulated type, 24 per cent more heating surface was 
provided in the same rotor space than was possible with the cor- 
rugated undulated type of surface, and that, in spite of the large 
increase of heating surface, the friction losses were substantially 
decreased. These tests, which were performed with the greatest 
possible care so as to obtain comparative results, substantiated 
the results of the laboratory work carried out by the Ljungstrom 
Steam Turbine Company in Sweden, which work will now be de- 
scribed. 


Laporatory Tests ON HEATING SURFACE 


Fig. 15 shows a schematic arrangement of the testing apparatus 
used by the engineers of the Ljungstrom Company in investigat- 


ing heat-transfer rates and friction losses for different types of 
heating surface. 

Heated air was produced in a gas burner from which the gases 
had to pass through a pipe provided with mixing blades to assure 
a uniform temperature. To the end of this pipe was bolted a flat 
pipe built up of the elements to be tested. The gas passed inside 
of this flat pipe and was cooled down by boiling water in the sur- 
rounding vessel. By this method the temperature, on the outside 
of the heating surface being tested, was kept constant, since the 
heat given up by the gas was sufficient to maintain the water at 
the boiling point. At very low loads, however, it was necessary to 
provide heating of the water vessel to keep the water at the boiling 
temperature. After passing the pipe, the cooled gas was passed 
through a chamber provided with a calibrated nozzle by which 
the flow was measured. 

Calibrated thermometers for measuring the temperature of the 
gas entering and leaving the elements were placed immediately 
before and after the test section. A thermometer in the gas flow 
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between the outlet and the thermometer and 


also by enclosing the thermometer-fin pocket in 
the outlet-gas flow in such a way that no gas 


could pass by on the sides. 
With a small apparatus like this, it is very 


important that no leakage take place. Therefore, 


before each test, the inlet and outlet were closed 
and the entire apparatus placed under slight in- 


ternal pressure in order to check for possible leaks. 


For each of the tests made, the mass flow and 
the temperature efficiency of the various elem- 


ents tested was calculated. Then, from the for- 


a an 
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mula » = 1—e Ge the heat-transmission coeffi- 


cient U was calculated. In this formula Ge is the 
sensible heat of the gas flowing over the surface, 


+ 


and F is the total effective heating surface, ex- 


pressed in square feet. 
Because of the slight resistance to heat flow 


on the water side of the elements, the heat-trans- 
mission coefficient on the gas side k,; was consi- 


dered equal to the total heat-transmission coeffi- 
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from the nozzle gave the temperature at this point. The tempera- 
ture of the water was also observed by means of a calibrated 
thermometer. 
The pressure drops in the nozzle were read on a U-gage for the 
higher velocities and on an inclined microgage for the lower ones. 
The accuracy in measuring the outlet-gas temperature was im- 
proved by means of a mixing chamber filled with small glass balls 


Wits Constant TEMPERATURE ON ONE MEDIUM 


30 cient U. Figs. 16 and 17 show the curves from 
which U was calculated from the results of the 
experiments. In these diagrams 

UF 


At’ — At’ 


n= =1—e 


At’ = Napprox — Ay..... [10] 


At 


Complete details of the foregoing test were given in a paper by 
Messrs. Alf Lysholm and E. Edenholm at the World Power Con- 
ference in Tokio in 1929 (2). 


INFLUENCE OF oF Notcu, PLATE THICKNESS, AND Soot 


The effects of all of these variables are illustrated in Fig. 18. 
The ordinates in this diagram represent a figure of quality 


F 


G 

For purposes of comparison, an element employing 3.5 mm 
depth of notch and a plate thickness of No. 24 USG is regarded as 
unity or 100 per cent. It will be seen that increasing the height 
of the notch increases the figure of quality, which means that the 
heating surface must be increased in proportion. From the two 
upper curves on this diagram, it will be noted that the figure of 
quality rises very sharply for elements of shallow notches when 
carrying a thin layer of deposit, such as soot. 


INFLUENCE OF Soor ON PRESSURE Drop aND HEAT TRANSFER 
FoR 30-Dec NotcHEep-UNDULATED ELEMENTs (1) 


The effect of this is shown in Fig. 19. As would be expected, 
the pressure drop increases with increased thickness of soot 
deposits, but the heat-transmission coefficient also increases at 
low mass velocity and decreased depth of notches. This indicates 
one of the noteworthy differences between recuperative and 
regenerative type air preheaters, as a deposit of soot and fly ash 
will retard the heat transfer in a recuperative type of unit, while 
in a regenerative type of unit, it has a tendency to aid the heat- 
transfer rate because of the fact that the deposit on the surface in 
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the case of the regenerative type of air preheater acts as a heat- 
storage substance, as well as the metal in the heating surface it- 
self, 

However, excessive deposits on the heating surface obviously 
increase the fluid resistance with the result that if the deposit is 
left to build up without being checked, the unit becomes inopera- 
tive and this is true in all types of units. 


Errect oF Hypravtic DIAMETERS‘ ON HEATING-SuRFACE ReE- 
QUIREMENTS AND HEADROOM REQUIRED FOR AIR PREHEATERS 


At first thought, it would seem that differences in the principle 
of operation between recuperative and regenerative air preheat- 
ers should not cause any great difference in the size. In both 
types, the heat transfer follows the same general principles. Both 
the heat conductance in the recuperative type and the heat 
storage in the heating-surface elements of the regenerative type 
can be neglected, when compared to the heat transfer from the 
gas to the heating surface, and from the heating surface to the air. 
However, by studying Fig. 20, an important influencing factor is 
quite apparent. This diagram shows the requirements of heating 
surface and headroom for preheaters of equal capacity, plotted 
as a function of the hydraulic diameters of the gas and air pas- 
sages, allowing equal friction losses for all types of preheaters. 
It can be seen that the use of a small hydraulic diameter is a most 
effective means of increasing rates of heat transfer and conse- 
quently reduces headroom requirements. 

For regenerative types of air preheaters, where the gas stream 
flows parallel to, but countercurrent to the air stream, it is pos- 
sible to utilize fully the advantage of a small hydraulic diameter 
and to design the heating surface entirely from the standpoint of 
manufacture, capacity, and freedom from clogging. 


‘ Diameter d = 4S/P for cross sections of flow generally. Diame- 
ter d = 2a + 0.7u for cross sections of flow in channels formed by 
Ljungstrom type heating surfaces. 


RESULTS OF PRESSURE-DrRoP EXPERIMENTS AT 
WELLSVILLE, N. Y. 


The purpose of the experiments, carried out by the authors’ 
company at Wellsville, N. Y., was to determine the fluid resist- 
ance through the heating surface with channels of different hy- 
draulic diameters and to determine the effect of different types of 
seals on the fluid resistance. The apparatus used consisted of a 
test tunnel as illustrated in Fig. 21, having a square section where 
the elements or heating surface to be tested was placed. 

Measuring stations were provided in the test section for a nine- 
point static-pressure traverse before and after the surface to be 
tested. The square test section was extended into a round section 
with the same cross-sectional area as the test section. Two Pitot 
tubes were located in the round section at a distance of 7'/; 
diam, each arranged for a ten-point traverse to determine the air 
velocity. Different diameter orifices were used to vary the air 
flow and thus obtain readings for different mass velocities. The 
temperature of the air passing over the surface was taken by cali- 
brated thermometers at the orifice. 

Each of the two Pitot tubes was connected to a set of gages, one 
water-filled U-gage for total pressure, one Ellison inclined vertical 
gage for static pressure, and one Ellison differential gage for veloc- 
ity-pressure measurements. Each set of gages was mounted on a 
panel. For measuring static-pressure drops in the test section, an 
inclined vertical gage was used. For taking the static-pressure 
impulses in the test section, a special static-pressure tip was de- 
veloped during these tests to assure accurate results. 

Fig. 22 shows the results for a heating surface made up from 
sheets with 3.25-mm notches alternated with sheets having 1.725- 
mm undulations with the heating surface in two layers of 23'/; 
in. and 8!/, in. depth and a '/;-in. spacer between the two layers. 
Curve B shows the pressure drop without seals and curve A the 
pressure drop with two bulb-type seals located at the inlet and 
two at the outlet of the test section. The ratio of projected area 
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of seals to the cross-sectional area of the duct in this arrangement 
corresponds closely to the highest ratio actually used in the de- 
sign of a Ljungstrom air preheater. The curves cover the pres- 
sure drop through the heating surface and seals only, but do not 
include additional losses such as losses in inlet and outlet con- 
nections, acceleration losses, etc. 

Tests were also run to determine the effect of different spaces 
between two or more layers of elements. It was found that the 
space between the two layers up to 3 in. had no measurable effect 
on the fluid resistance. 

The curves shown in Fig. 23 give the effect of different hydrau- 
lic diameters on the fluid resistances based on these tests. 

Results of pressure-loss tests on actual preheater installations 
show a higher frictional resistance through the units than antici- 


pated from laboratory tests. This discrepancy is due to a less 
favorable cross section of flow in the rotor than in the experi- 
mental test section. Impact losses, caused by protruding edges 
at joints and abrupt changes in area and shape in duct design at 
the preheaters, also tend to increase pressure drop. 


GENERAL COMMENTS 


In the foregoing the theories and various factors affecting the 
heat transfer and fluid resistance in a rotating regenerative type 
of air preheater have been given. The heat-transfer rate obtaina- 
ble as well as the fluid resistances vary greatly with the type and 
design of heating surface employed. The subject is covered in a 
report presented at the World Power Conference in Tokio in 1929, 
by Lysholm and Edenholm (2). However, in this connection, 
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the authors wish to point out some of the factors affecting the 
actual performance of the regenerative type of air preheaters in 
the field. 

When this type of air preheater was first applied to steam- 
generating units, the mass velocities employed were relatively 
low, as were the velocities in the duct work leading to and from 
the air preheater. Under these conditions, it was found neces- 
sary to apply certain corrections to the anticipated performance 
indicated by the laboratory tests on the rate of heat transfer 
as well as on the fluid resistance. 

The rates of flow as used today are approximately twice those 
used some years ago. It has been found necessary to change 
further the correction factors for laboratory tests in order to 
make them useful in the design of air preheaters. In a labora- 
tory model, such as that used by the investigators in Stockholm, 
it was impossible to duplicate or evaluate all of the conditions 
encountered in the field, several of which affect the performance 
considerably. 

Actual tests of existing installations have proved that discrep- 
ancies exist in the flow of gas and air to and from the air pre- 
heater. The duct design around the air preheater is therefore of 
greater importance, and we are glad to report that this is a factor 
which, during the last few years, has been given more thorough 
attention. 
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Discussion 


A. C. Pastni.6 This paper is valuable in that it contributes 
additional technical information on the subject of heat transfer as 
related to preheaters; information which is not too abundant. 

Unfortunately, the authors pass over the subject of air leakage 
rather hastily. This is a subject that is little understood. It 
would be beneficial if this matter could be more fully discussed in 
their closure. 

There is considerable difference of opinion regarding the caleu- 
lation of the dew point, particularly for preheater installatiors. 
Perhaps the authors would care to discuss this point, as well. 


AutuHors’ CLOSURE 


Due to limitation of the original paper, the authors passed 
over the subject of air leakage rather hastily, as mentioned by 
Mr. Pasini. 

All types of air preheaters used in power-plant practice, 
whether of the regenerative or of the recuperative type, have some 
infiltration of air toward the gas side of the units. In the Ljung- 
strom continuous regenerative type of air preheater, the air leak- 
age consists of entrained leakage carried by the rotor into the gas 
side for each revolution and the direct leakage, which is air pass- 
ing over the radial and circumferential rotor seals toward the gas 
side of the unit. 

The amount of air leakage in a Ljungstrom air preheater is 
quite low and varies, based on actual tests, from 3'/; to 8 points, 
expressed in percentage of weight of gas entering the air pre- 
heater, the entrained leakage being a very small fraction of the 
total. 

The amount of air leakage toward the gas side of an air pre- 
heater must be considered not only in establishing its actual 
efficiency, as mentioned in the paper, but also in the selection of 
the forced- and induced-draft fans. 

As to the effect of this leakage on the over-all plant efficiency, 
it is usually not considered that increasing the thermal efficiency 
of the air preheater slightly would give sufficient additional re- 
covery to pay for the additional power consumption of the forced- 
and induced-draft fans required because of air leakage. 

In a recent installation of Ljungstrom continuous regenera- 
tive-type air preheaters, the additional reduction in gas-outlet 
temperature was estimated to be 3.5 F to offset the extra power 
consumption of the forced-and induced-draft fans required to 
handle the additional air and gas quantities caused by an esti- 
mated 11.4 per cent air leakage, which additional recovery was 
obtained by a slight increase in the depth of the heating surface 
used. 

In this connection, it may be proper to mention that actual 
field tests of Ljungstrom air preheaters show an air leakage ap- 
proximately one half of the estimated. 

With reference to Mr. Pasini’s statement that there is a con- 
siderable difference of opinion regarding the calculation of the dew 


5 Technical Engineer, The Detroit Edison Company, Detroit, 
Mich. Mem. A.S.M.E. 
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point, this unfortunately is true in that so many factors affect 
the dew point, each of which cannot be accurately predicted. 
Hence, the methods used by most air-preheater manufacturers 
in arriving at dew points are based upon practical observations 
and are, therefore, comparative. For a complete discussion of 


this subject, the authors refer to a paper by Joseph Waitkus.* 


6“QOperation and Maintenance of Air Preheaters,”” by Joseph 
Waitkus, Jr., presented at the Spring Meeting of the American 
Society of Mechanical Engineers, Houston, Texas, March 23-25, 
1942. 
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Modern Applications of Overfire Air 


By H. C. CARROLL,' CHICAGO, ILL. 


Overfire air supplied by steam jets has in the past proved 
to be an economical and effective means for improving 
combustion in furnaces. More recently high-pressure 
air jets supplied by power-driven fans have been employed 
with great success. After stating the requirements, this 
paper deals with typical applications of overfire air to fur- 
naces equipped with various types of stokers. The use 
of the portable ultimate-gas-analysis machine in studying 
combustion conditions in furnaces and in making heat- 
balance tests is also described. 


OR many years use has been made of overfire air in furnaces 

of all kinds to assist in the completion of combustion within 

the furnace. Earlier applications were mostly to eliminate 
smoke in hand-fired furnaces burning bituminous coal where 
steam jets were employed to furnish the necessary velocity of 
injection. Even recently some applications of overfire air with 
steam jets have proved both economical and effective. 

More recently, however, high-pressure air jets supplied by 
power-driven fans have been employed in furnaces to provide 
turbulence to prevent stratification; to increase heat releases 
in furnaces of limited volume; to effect increased steam pro- 
duction economically; to replace refractory arches designed 
to mix lean and rich gases; to reduce the combustible in the fly 
ash when coal is burned in suspension; and to burn refuse more 
rapidly and smokelessly. 

Overfire-air application of this type might be defined as 
follows: 

“The application of an independent source of air, other than 
normally applied to the furnace, in such manner, volume, and 
intensity as to provide the proper turbulence and necessary 
oxygen to perfect the complete combustion of volatile gases 
and carbon from the fuel within the limits of the furnace.” 


PorTABLE ULTIMATE-ANALYSIS TESTING MACHINE 


In attempting to determine the extent and loss of unburned 
gases in the flue gases of steam-generating units, more especially 
when bituminous coal is burned, the ordinary Orsat giving the 
usual volumes of CO;, O:, and CO was found to be inadequate. 
Also the collection of flue gases to be sent to the laboratory for 
ultimate analysis, besides requiring extreme care and much 
time, was found to be costly and unsatisfactory. Therefore it 
was decided to take the laboratory to the power plant where a 
portable ultimate-analysis machine is being used which is so 
arranged that it can be easily dismantled in three sections and 
transported in three ordinary-sized boxes specially built for the 
purpose. 

By referring to Fig. 1, showing the portable gas analyzer set 
up for test, it will be noted that there are two burettes; one 
being used for the larger volumes such as carbon dioxide and 
oxygen; and the other one being graduated to 0.02 ml for meas- 
uring the small quantities of unburned gases such as hydrogen, 
carbon monoxide, and methane. 


' Head, Mechanical Engineering Department, Commercial Testing 
and Engineering Company. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Cleveland, Ohio, June 8-10, 1942, of Taz AMERI- 
CAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and™not those 
of the Society. 


By using the ultimate-gas-analysis machine, it is possible to 
determine a complete analysis of the flue gases, securing the 
percentages of CO,, illuminants, O02, CO, H2, and CH, present 
in the gases. The CO, is determined by absorption in KOH; 
the illuminants by absorption in fuming H.SQ,; the O, by 
absorption in pyrogallol; the CO and H: by combustion over CuO 
heated to 300 C; and the CH, by combustion over platinum 
wire heated to 900 C. 

Naturally, the benefits of any change in design of a steam- 
generating unit will be reflected either in its efficiency and/or 
in the cost of operation. In the case of distribution of air, an 
ultimate gas analysis is not a prerequisite to a proper judgment 
of the performance of a unit. However. if an exact knowledge 
can be obtained of the composition of the flue gases at various 
points in its flow through the unit, the engineer then has at his 
command the data to judge adequately the degree of stratifica- 


Fig. Portasie Uttimate Gas ANALYZER 
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tion taking place and the effect of the composition of the gases 1S) 0 ee 
on the losses in the unit caused by unburned constituents in the PB aes p.m 
flue gases. Information will also be obtained on such phe- per cent per cent 
nomena as secondary combustion and its attendant problems. Not determined. 
Again, when making heat-balance tests on steam-generating ore 
units, if the exact composition of the gases is not known, a com- Carbon monoxide (CO).........-.... 0.10 0.08 
plete heat balance cannot be correctly calculated. As just Methane (CH1).........------++-++- 0.32 0.05 
mentioned, we have found the ordinary Orsat to be inadequate Total.......-.seeeee eee ceeececeee 19.12 18.76 


for this purpose, even for determining carbon monoxide with 
exactness. For this reason, we are of the opinion that many 
heat balances do not reflect the true conditions of operation of 
the unit, at least in so far as distribution of losses is concerned. 

The possibility of learning what is happening to the flue gases 
as they travel from the fuel bed to the boiler outlet, therefore 
offers an intriguing challenge to the test engineer as well as a 
means to the end of aiding the study of the effects of overfire air. 

Anyone familiar with precise test procedure always appre- 
ciates the difficulties of obtaining accurate and exact data upon 
which no statistical bias will exist in the final conclusions. 
These difficulties are usually magnified in proportion to the de- 
sired degree of precision; and for any approach to a correct 
interpretation of the unburned constituents in a flue gas, a high 
order of precision in analysis and a careful design of experiment 
are very definite requirements, because of the very small per- 
centages of unburned gases existing in a flue gas. 


Resutts BEFORE AND AFTER APPLYING OVERFIRE AIR 


As an example of what these small quantities translate to in 
terms of loss in efficiency, the results, given in Tables 1 and 2, 
of an investigation made before and after overfire air was applied 
indicate both the effects of overfire air and the magnitude of 
losses because of incomplete combustion of the flue gases. The 
unit on which the investigation was made was a Springfield 
cross-drum straight-tube boiler of 819 hp, equipped with a 
Foster Wheeler economizer, superheater, and preheater, fired 
by a Westinghouse 7-retort underfeed stoker having 151.9 sq ft 
of grate surface and 359 ft of rear-waterwall protection. 


TABLE 2 HEAT LOSSES, PER CENT OF AVAILABLE HEAT 


Without With overfire air, 

overfire air, plenum-box press 

per cent 17.5 in., per cent 

Heat loss due to: 

Incomplete combustion of carbon.......... 0.43 0.32 
Incomplete combustion of hydrogen....... 0.32 0.03 
Incomplete combustion of hydrocarbons.... 3.67 0.49 
Total heat loss due to unburned gases... ... 4.42 0.84 


APPLICATIONS OF OVERFIRE AIR 


Fig. 2 shows the application of overfire air to a chain-grate 
stoker, the air being taken from the front air-cooled walls of 
the setting and walls above the waterwalls at a temperature 
of approximately 160 F. This 1000-hp unit formerly was 
equipped with standard refractory arches and refractory walls 
which were removed and replaced by an inclined-front refractory 
wall and side waterwalls and stoker water headers. 

Air is supplied by a separate overfire motor-driven fan through 
14 Venturi nozzles at the angle as shown in Fig. 2. The nozzles 
are made of heat-resisting metal; and approximately 5 per cent 
overfire air is supplied to the furnace at 10 in. static pressure 
and a temperature of 160 F. 

With these changes, the unit was capable of producing 25 
per cent more steam and gave an increased efficiency of 8 per 
cent, mostly realized in reduction of loss of unburned gases to 
the stack. An efficiency of 78.5 per cent was realized on this 
unit continuously at a rating of 200 per cent without smoke. 

All types of coal tributary to the plant with ash content up to 
15 per cent can be burned without ignition difficulty. 
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Fig. 3 is a design for the front-wall application of an underfeed 
stoker where the plenum box is located in the front above the 
hopper, and the fan using room air is located on the side of the 
boiler. 

With this 100,000-lb steam-generating unit, with 16 Venturi 
nozzles supplying overfire air at 16 in. static pressure and oper- 
ating at 110,000 lb of steam per hour, we were able to eliminate a 
smoking condition which with certain coals was usual in opera- 
tion. 

The investigation of the performance of this unit brought 
out some other interesting details in that formerly without 
overfire air severe enough slagging occurred on the second bank 
of tubes to cause the unit to be shut down in 2 or 3 months. 
This condition was eliminated with overfire air. 

Fig. 4 shows the application of overfire high-pressure air to 
the rear of the stoker which in some cases is essential in order 
to secure the best results. In this installation a rear-wall appli- 
Cation was used with preheated air at 300 F. 


A divided plenum box was provided, in order to secure less air 
at the lower ratings and “yet maintain turbulence. One half 
the number of nozzles enter the upper part of the plenum box, 
and the remainder enter the lower box, one damper being sup- 
plied to facilitate cutting off half the air without disturbing the 
static pressure. 

This application was made in order to obtain an increase of 
rating up to 300 per cent without losses of unburned carbons 
up the stack, which were excessive before its application. This 
was in connection with high-volatile Midwestern coal, a static 
pressure of 16 in. prevailing. 

Unfortunately, except perhaps in the case of pulverized-coal 
burning, the application of overfire air has been made more on 
a rule-of-thumb basis than on a basis governed by a scientific 
knowledge of all the phenomena involved. It is the author’s 
opinion that although each installation, involving losses in the 
flue gases, is a problem in itself, created by furnace design, 
burning equipment, the kind of fuel used, extent of refractory, 
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air-cooled and water-cooled surfaces, certain fundamental princi- 
ples concerning pressure, quantity, and methods of application 
might be applicable to most installations, if these basic principles 
were known. 

Perhaps this presentation may serve to clarify the thought on 
some of the vital phases of this subject. 


Discussion 


F. X. Giia.2— The primary function of high-velocity overfire 
air is to minimize the smoke and fly-ash nuisance. Its proper 
application results in other benefits, such as: 


1 Wide open furnaces with minimum arches. 

2 Higher stoker capacities. 

3 Reduction of slagging. 

4 Improved ignition even though furnaces are completely 
water-cooled. 

5 Higher stoker efficiencies. 


These benefits are real and very welcome, but the primary 
job of overfire air is to clear up the stack discharge. 

The author has very properly pointed out the difficulties 
involved in measuring the unburned-combustible losses and 
also their extent. Test data are important, necessary, and 
desirable for comparison. His example of increasing the effi- 
ciency of a unit from 70.5 to 78.5 per cent by proper application 
of overfire air is an indication of the possible extent of unburned 
combustible losses. This is more an indication of improper 
design or operation, originally, rather than a real measure of the 
effectiveness of overfire air. The unit described should have 
been running at 78 per cent efficiency in the first place. How- 


B&W CHAIN GRATE STOKER 
STIRLING BOILER, REFRACTONY FURNACE 


INDIANA COAL 2100° A.F.T. 

| COAL BURNING RATE A.F. LB PER Sq FT 2 

| EXCESS AIR @ BOILER OUTLET 54, 

| & ASH IN COAL TO STACK 3.31% 

| DUST LOADING, PER CF. GAS @ 32F 

| COMBUSTIBLE IN FLY ASH 26.8% 
" ASH PIT REFUSE 10.6% 


Loss IN EFF ICLENCY DUE TO FLY ASH 13% 
© ASH PIT REFUSE 1. “8 | 

STOKER EFFICIENCY 8.6 
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ever, it does emphasize the possibilities of a simple inexpensive 
method of correcting for original faulty design or operation, 
thereby reducing excessive smoke and carry-over. 

In discussing comparable stoker performances, boiler effi- 
ciencies should not be used as a guide, because this introduces 
the question of the design of boiler above the stoker. Some 
boilers are more efficient than others, and to avoid introducing 
unrelated factors, stoker comparison and performance should 
be limited to burning rates, excess air, and unburned combustible 
matter. 

Our experience with overfire air is confined mostly to chain- 
grate stokers, although we are also using it for other methods of 
fuel burning. Three installations have been chosen upon which 
we have test data to show the effectiveness of overfire air in 
eliminating smoke and (a) increasing stoker capacity; (b) 
increasing stoker efficiency; (c) eliminating furnace slagging; 
(d) general effect on unit performance. 

Proper application of overfire air on the chain-grate-stoker- 


* Mechanical Engineer, The Babcock & Wilcox Company, New 
York, N. Y. Mem. A.98.M.E. 
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B&W CHAIN-GRATE STOKER 
STIRLING BOILER REFRACTORY FURNACE 


W. VA. COAL 
WITHOUT WITH 
| COAL BURNING RATE A.F. LB PER SQ FT 28.5 28.2 
| EXCESS AIR @ BOILER OUTLET 49.7 42.0 
| COMBUSTIBLE IN FLY ASH % 35.7 17.8 
| % ASH IN COAL TO STACK 2.56 3.23 
DUST LOADING GR. PER CU FT @ 32° 2227 -131 
FLY ASH LOSS EFFICIENCY -06 
ASH PIT LOSS @ 2.28 2.36 
STOKER LOSSES 2.52 2.42 
INCREASE IN DRY GAS LOSS DUE TO 
HIGHER EXCESS AIK oo 
TOTAL STOKER LOSSES 3.02 2.42 
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fired Stirling boiler, shown in Fig. 5, permitted higher capacities, 
increasing the burning rate from 40 to 48 lb per sq ft without 
smoke even though the front arch was shortened. 

Fig. 6 shows the stoker performance of the same unit operating 
on Indiana coal at a 35-lb burning rate with high-velocity over- 
fire air. With 43 per cent excess air at the boiler outlet (13 per 
cent CO), the stoker losses were 1.27 per cent in the ash pit, 
0.13 per cent in fly ash. Only 3.31 per cent of the ash in the 
coal went up the stack, resulting in a dust loading of 0.17 g per 
cu ft of flue gas at 32 F. 

Proper application of overfire air, in the case illustrated in 
Fig. 7, permitted burning rates as high as 40 lb without smoke, 
with a shortened arch as shown. We have some test data with 
and without overfire air. 

Fig. 8 shows a comparison of stoker performance with and 
without overfire air, but without smoke in either case. The 
principal effects at the 28.5-lb burning rate were a lower excess 
air at the boiler outlet, lower fly-ash loss, and a net pickup of 
0.6 per cent in efficiency with overfire air. With an ultimate 
gas analyzer, as described by the author, undoubtedly we could 


4 

| 

| 

| > \ ) } | | 4 

LAY | 1) \}))) \ 

4 | \S= \ | | 

| | 

| |} 

Fic. 7 

is 
ic 

val 
on 
fic 
’s 

= 


78 TRANSACTIONS OF THE A.S.M.E. 
Economizer 
wo 
‘o 
N 
t 
| 
H 
= Air Duct 
Air Heater 
L z 
| 
Fig. 9 
& STEAM TEMP AT SH OUTLET 4 


STEAM 


350 GAS TEMP. AT AIR HTR 

0 10. 20 30 40 50 60 70 80 90 100 

OVER-FIRE AIR PRESSURE -"H>0_ 

Fic. 10 


have detected a further increase in efficiency with overfire air, 
due to a reduction in unburned-combustible gases which cannot 
be detected by an ordinary Orsat apparatus. 

Fig. 9 shows a stoker-fired unit with overfire air through 
the water-cooled arch. Previous similar boilers in this same 
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plant had the overfire air injected through the upper part of the 
refractory ignition arch. There was a marked absence of 
furnace and boiler-tube slagging on the later units, as compared 
to the original units, which had to be hand-lanced every shift. 
Changing the location of the overfire-air nozzles to conform with 
the later units eliminated the necessity for hand-lancing. This 
experience is valuable in that it shows the importance of proper 
location of overfire-air nozzles. 

A series of tests was run on this unit with increasing overfire- 
air pressure, the results being shown in Fig. 10. With the same 
operating conditions, the effect of increasing overfire-air pres- 
sures is to give better absorption in the boiler and superheater, 
which is a good indication of improved complete combustion 
in the furnace proper. Generally speaking, by increasing the 
overfire-air pressure from 0.23 to 9.26 in., the steam temperature 
increased from 738 to 757 F, the boiler outlet-gas temperature de- 
creased 24 deg, and the air-heater outlet-gas temperature 
decreased 9 deg. The hot spot in the furnace as read by an 
optical pyrometer increased 87 deg. The optical-pyrometer 
readings are submitted only as an indication of increased tem- 
perature in the active combustion zone of the furnace as a result 
of the turbulence created in the furnace by the high-velocity 
overfire-air nozzles. 

We have test data on a large cross-drum boiler, fired by an 
underfeed stoker after overfire air was installed through the 
rear wall, with air at 17-in. pressure. In this case, use of over- 
fire air resulted in raising the “no smoke” limit of this boiler 
from 260,000 to 330,000 lb per hr with an increase in efficiency 
of 3 per cent at 325,000 lb per hr, by reducing the cinder loss 
from 7.2 to 4.2 per cent. 

In conclusion, may we point out the desirability of further 
discussions on this subject of high-velocity overfire air as an 
active aid in improving combustion conditions in stoker-fired 
units. There is much to be learned about the location and direc- 
tion of overfire air and its effeet on slagging and steam tempera- 
ture. 


W. L. Lunpy.* Although overfire air has been used in fur- 
naces many years for securing all of the advantages mentioned 
by the author, there are still thousands of steam plants, ranging 
in size from small hand-fired to large stoker installations, which 
have either never installed overfire-air equipment, or have un- 
successfully tried some kind of equipment and have later re- 
moved it, or have misapplied it and are not securing the full 
benefit therefrom. 

The present emergency should give impetus to any fuel- 
saving device which will secure increased output and result in a 
higher availability factor for the boiler unit as installed. 

Nondefense industries are somewhat handicapped by not 
being able to secure equipment such as fans, motors, or small 
turbines, but many are still in a position to make up steam jets 
from salvaged materials for the purpose of jetting overfire air 
into their furnaces. 

Some benefit may be secured in the case of small hand-fired 
furnaces by merely leaving the firing door slightly open for a 
minute or so after each charge of coal. 

The writer had the following experience, while conducting a 
test on a small Scotch marine boiler being fired with high- 
volatile Midwestern coal. The load on the boiler was quite 
heavy and required the firing of a few scoops of coal every few 
minutes. When the firing door was closed immediately after 
charging the coal, heavy black smoke was continuously dis- 
charged from the stack. After a few observations to determine 
the length of time required for leaving the firing door slightly 


3Steam Engineer, Kimberly-Clark Corporation, Neenah, Wis. 
Mem. A.S.M.E. 
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open after the charge of coal, it was possible to continue the test 
without visible smoke heavier than a slight haze. 

The operation of natural-draft chain-grate furnaces can be 
improved to some extent simply by cutting a few holes in the 
front mixing arch to admit some overfire air. Further benefits 
can be secured by judiciously using a small jet of steam through 
pipes placed in the center of the holes for induction of air and 
creation of turbulence. 

Good judgment must be used and observations and tests 
made of the effect of the application of overfire air to any furnace. 
The ultimate-gas-analysis machine, described by the author, 
is the equipment required to secure the data for obtaining the 
greatest benefit from overfire-air application. Carefully con- 
ducted heat-balance tests will show high unaccounted for losses, 
unless such a machine is used, whenever unburned hydrogen or 
hydrocarbons are present in the flue gases. In any case, it is 
necessary to run comparative tests, with and without overfire air, 
since it is possible to obtain net results which will show on the 
wrong side of the ledger. 

There are three fundamental principles which must be kept in 
mind in the application of overfire air to any furnaces using coal 
as fuel whether it be a stoker-fired furnace, where most of the 
air comes through the fuel bed, or a pulverized-fuel furnace 
where all the secondary or tertiary air might be classified as 
overfire. These three principles are as follows: 


1 The overfire air must be applied in a manner not to retard 
initial ignition. 

2 The overfire air should be applied in sufficient quantities 
and cause sufficient turbulence or mixing, while the gases are 
entering the high-temperature zone of the furnace, in order to 
consume the hydrocarbons being distilled from the coal. 

3 The turbulent-burning fuel should not impinge against 
the furnace walls, arch, or heating surface. 


A few years ago, the writer investigated the cause of excessive 
furnace maintenance and the cause of the production of heavy 
smoke at a utility plant using high-volatile Midwestern coal. 
This plant had eight 1726-hp Babcock & Wilcox cross-drum 
boilers, operating at 350 psi and 690 F steam temperature. 
Each boiler was fired by two Babcock & Wilcox forced-blast 
chain-grate stokers each 21 ft 3 in. long X 9 ft 6 in. wide, with a 
division wall between the stokers. 

The furnaces were entirely refractory-lined and had a furnace 
volume of 41,014 cu ft, the ratio of furnace volume to boiler 
heating surface 2.3 to 1, and ratio of furnace volume to grate 
surface 9.93 to 1. The furnaces had both front and rear arches 
with a throat between the arches of 8 ft 3 in. The first row of 
the lower deck of boiler tubes was 18 ft 4 in. above the operating- 
floor level. 

Each boiler was operated at its maximum capacity of 200 
per cent of rating, which was limited by the capacity of the in- 
duced-draft fan. The furnaces were smoking very badly, and 
the brick maintenance had been very high due to slag erosion of 
the furnace walls and arches. 

This plant was using 2300 cfm of overfire air in each furnace 
or approximately 7 per cent of the total air requirement. The 
overfire air was jetted into the furnace through two 4-in. pipes 
by means of small steam jets on the center line of the pipes. 
These pipes were installed on opposite sides of the furnace at 
the center line of the throat between the front and rear arch. 

It was observed that blue flames flickered on and off between 
the superheater elements which were located between decks of 
the boiler tubes. A gas-sampling tube was placed in this loca- 
tion. Samples of the flue gas by Orsat analysis showed low COz, 
high oxygen, and an appreciable amount of carbon monoxide. 
This was a case of an insufficient quantity of overfire air for the 
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particular coal and wrong location of the jets to obtain proper 
mixing. The air was also being admitted too far away from 
the point at which the volatiles were leaving the coal. 

It was decided to double the quantity of overfire air and to 
locate one jet at the front corners of each of the two stokers 
approximately 14 in. above the grate. The jets were placed 
parallel with the grate at such an angle with the vertical that 
the center lines crossed at a point directly below the nose of the 
front arch at the center line of the grate. 

Observations and gas analysis were made on one furnace with 
the new jets located as described and the old jets also in place 


as noted. The results are given in Table 3. 


rABLE 3) COMPARISON OF FURNACE DATA WITH AND 
WITHOUT OVERFIRE AIR 
Side and New 
Jets in use front Old side front No jets 
Gate height, in... . Te 6 6 6 6 
Steam flow, percent rating.......... 195 198 198 190 
Air flow, per cent rating 193 193 200 197 
Flue-gas temperature, F...... 597 597 593 595 
CO: recorder last pass P 12.6 10.5 12.4 10.0 
CO: (Orsat) first pass, per cent. 12.4 8.5 15.5 8.8 
6.7 11.0 3.6 10.0 
CO.... awe 0.1 0.3 0.0 4 
Steam pressure, psi... : 357 354 353 337 
Steam temperature, F Parca 710 699 720 6 
Furnace temperature, Fe........ 2650 2660 2550 2660 


® Under front arch above second compartment. 


It will be noted from Table 3 that the furnace temperature 
under the arch was reduced at least 100 F with the new jets as 
compared with any of the other conditions. This would indicate 
a local reduction in CO, percentage at this point in the furnace 
with overfire air from the new jets, although the analysis of the 
first-pass gases actually showed an increase in CO, at the point 
of sampling in the superheater location. It will also be noted 
that the steam temperature was increased 21 F with the new 
jets, compared with the old jets, and 30 F increase compared 
with no jets. This increase in steam temperature improved the 
water rate of the turbines. The decrease in excess air, elimina- 
tion of carbon monoxide, and indicated reduction in unburned 
hydrocarbons resulted in a decided increase in efficiency of the 
plant. 
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Steam jets were installed at the front cor- 
ners of the furnace to induce overfire air and 
cause mixing of the gases. 

Evaporation tests were run when using 
Pittsburgh and Midwestern coal; the results 
showed increases of 4 and 6 points in effi- 
ciency, respectively. Further increases in 
boiler load resulted in similar high furnace 
maintenance as obtained before installation 
of the jets. 

The nose of the arch was again moved 
back 1 ft 8in., and a fan, having a capacity 
of 1800 cfm of 70 F air at 14 in. pressure, 
was installed to supply two furnaces. It 
was found that only 1 to 1'/2 in. pressure 
was required to accomplish the desired 
results in efficiency. Higher pressures 


caused impingement of gases on the arch, 
which is still too long. The load on these 
units has increased still further, but the 
furnace maintenance is lower than originally. 


It is the intention to move the nose of 


Fie. 12. Bascock & Wiicox INnTEGRAL-FURNACE 35,000-LB PER Hr STEAM 
Capacity, EquippeD WiTtH CHAIN-GRATE STOKER 


the arch back another 1 ft 9 in. and use a 
higher pressure of the overfire air for mixing 
the gases instead of retaining any part of 
the arch for that purpose. 

Fig. 12 shows the application of overfire 
air to a new Babcock & Wilcox integral- 
furnace type F boiler installed in the same 
plant as the foregoing units. This is a 


through this baffle opening and flow to the 


4 UY; ier furnace volume, fired by an 11 X 12-ft 

Babcock & Wilcox chain-grate stoker. The 

| | overfire-air fan supplies 4850 Ib per hr of 80 

It will be noted that the projected length 

= of the arch is only 3 ft 9 in. and that the 

ral= aS Bo mixing of the gases is dependent upon the 

high-pressure overfire-air jets, together with 

the baffle behind the first row of boiler 

+ 4 tubes. This baffle is open on the right side 

of the furnace in a width of approximately 

A above the grate to the steam drum of the 


opposite side of the furnace behind this 


Fig. 13. Wert-Bark-BurNING FURNACE 


One per cent of the steam output of the boiler was required 
for the steam jets in this installation. 

The high division wall between the stokers was eliminated 
to reduce the brick maintenance. 

Fig. 11 shows progressive changes made in the past 3 years 
in the application of overfire air to an old forced-blast Harrington 
traveling-grate installation under a 613-hp boiler, having a 
furnace too small for the boiler and stoker. The original furnace 
had only 800 cu ft of volume. The small furnace resulted in 
high furnace maintenance, if the steam output of the boiler 
exceeded 125 per cent of rating. 

The nose of the arch was first moved back 1 ft and the roof 
above the arch sloped up to the front wall instead of being flat. 
This increased the furnace volume approximately 15 per cent. 


ertsastets my 4 ft, and from a line approximately 4 ft 
1 


baffle and enter the first pass of the boiler 

on the left side of the setting. 

sbineitiiiia This unit was placed in operation early in 
June, 1942. 

Fig. 13 shows the design of a furnace in- 
stalled in one of the writer’s company’s plants for burning wet 
bark containing 60 to 75 per cent moisture. 

The furnace is installed under a pulverized-fuel furnace, the 
gases from both passing through a 90,000-lb per hr boiler, operat- 
ing at 470 psi and 700 F. 

This furnace is designed so that all or any part of the air may 
be admitted either through the grate or through the openings 
in the side walls under forced draft. The retort side walls are 
constructed with Furnace Economy Company’s type C walls 
with type E walls in the combustion chamber. Air from the 
type E walls enters the combustion chamber through fifteen 
3-in. cast-iron pipes across the drop-nose arch, 

These furnaces have been in operation for two full years with- 
out any refractory wall or grate maintenance, using air tem- 
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peratures of 500 F or more. A few arch tiles around the thimble 
of the bark spout have had to be replaced because of warpage of 
the thimble. 

Evaporations of 1.5 to 1.7 lb of steam per lb of 60 per cent 
moisture green balsam bark are obtained in this installation. 
The furnace has a capacity for burning over 30,000 Ib of 60 per 
cent moisture bark per hr. These evaporation figures are ob- 
tained in normal operation of the furnace for a 6-hr period with 
bark quantities varying from 20,000 to 45,000 lb per hr, then off 
for a 6-hr period. The evaporation theoretically possible is 
1.8 lb of steam per lb of 60 per cent moisture bark, assuming 14 
per cent CO:, 1 per cent combustible loss, and radiation and 
other losses of 3 per cent. 

It is estimated that normally over 80 per cent of the air for 
burning the bark is passed through the openings in the walls of 
the retorts. All of this air cannot be considered as overfire, 
since most of the openings in the side walls are kept covered 
with bark for best results. 

In his paper the author mentions that ‘except perhaps in 
the case of pulverized-coal burning, application of overfire air 
has been made more on a rule-of-thumb basis than on a basis 
governed by scientific knowledge of all the phenomena involved.” 
It has been the writer’s experience that pulverized-coal burning 
should not be excepted from the rule-of-thumb basis. Every 
new pulverized-fuel installation must pass through the initial 
cut-and-try procedure, in order to obtain optimum results, due 
to the wide variation in coals, furnace design, burner location, 
range in capacity desired, and the changes in burner and pul- 
verizer design. 

In reference to the fundamentals concerning pressure, quan- 
tity, and methods of application of overfire air it seems that 
variations in pressure of from 1 to 16 in. are necessary. The 
required pressure depends principally upon the furnace design 
and burning equipment installed. The quantity of overfire 
air required varies from 5 to 20 per cent in chain- or traveling- 
grate installations, depending principally upon the volatile 
matter in the coal and the rate at which the volatile matter 
leaves the particular coal. The lower percentage prevails for 
the lower-volatile and slow-burning coals, with the higher per- 
centages applying to the high-volatile and freer-burning coals. 

Spreader stokers and pulverized-fuel equipment require con- 
siderably more overfire air, and underfeed stokers much less than 
chain grates. The method of application depends upon local 
plant conditions, size of units, and many of the other variables 
involved. It is essential that the air mix with the volatile 
gases before the hydrocarbons have had an opportunity to crack 
down to soot, or at least while they are in the process of cracking. 
The steam vapor present in the overfire-air mixture, when using 
steam jets, may have some beneficial effect on the burning of 
the hydrocarbons, which does not obtain, when fans are used. 


W. S. Masor.‘ This paper supplements all too meager in- 
formation available on the effect of high-pressure overfire air on 
multiple-retort stoker-fired furnaces. The test results disclose 
interesting economy and appear to warrant further investigation 
along the same lines. 

We have done considerable work of this nature, both on this 
continent and in Great Britain. British coals, particularly, are 
apt to smoke and in some cases overfire air up to 20 in. pressure 
has been employed advantageously. However, some questions 
have been raised as to whether the use of overfire air formed a 
crutch, embodying a means for eliminating smoke, which could 
be corrected to better advantage by more care in operation. 
Experience of the writer’s company has indicated that, in certain 


‘American Engineering Company, Philadelphia, Pa. Mem. 
A.S.M.E. 


cases, overfire air discharged immediately above the stoker 
construction along the front wall is of some advantage and has 
corrected what would otherwise be a furnace sensitive to smok- 
ing. In such instances, air pressure no higher than that availa- 
ble in the wind box has been employed. A header is located 
in the front wall which supplies air to nozzles spaced across the 
entire furnace. These discharge air to the fuel bed approxi- 
mately 2 ft above the coal-feeding rams. By means of dampers 
the air supply may be varied, and pressures up to the maximum 
of the wind box employed. 

Our engineers have done considerable experimental work 
along different lines where they have recirculated relatively 
large quantities of combustion gases introduced into the furnaces 
at low static pressures. The points of introduction into the 
furnace are governed by the particular furnace design and gas 
travel. Our work so far has been confined to the introduction of 
air either through the front or rear walls. The gases are with- 
drawn from some readily accessible point or points between the 
last pass of the boiler and the entrance of the gases into the exit 
breeching or induced-draft fan. 

Some of our work indicates that a relatively large quantity 
of gases at low pressure is equal to and possibly more effective 
than a small quantity of overfire air at high static pressure. By 
using recirculated combustion gases there is greater latitude in 
the amount of overfire supply. 

The use of recirculated flue gas reduces the load on the in- 
duced-draft fan and also provides some thermal gain by avoiding 
the addition of an amount of heat equal to that required to 
raise the flue gas from room temperature to the temperature of 
the gas. 

In many cases, in our opinion, the use of overfire air is not 
justified with a multiple-retort stoker, and this means should 
not be employed until it has been found that proper shaping of 
the fuel bed will not provide satisfactory combustion. Two 
fundamental requirements for proper combustion on a stoker 
of this type are equal stroking of pushers in adjacent retorts 
and adjustment on the individual pushers to shape the fuel bed 
from the front to the rear properly. To enable the operator to 
shape the fuel bed front to rear, we find that adjustments of the 
individual pushers within +!/, in. are essential. Efforts have 
have been made to use checkerboard dampers as a substitute 
for correct pusher movements, but such a solution is a poor 
substitute for proper stroking. 


L. R. Stowe.’ If 5 or 10 per cent of the total air supply is 
injected over the fire and this air is used to good advantage, it 
follows that if this added or secondary air is shut off there will 
result a furnace loss of some 5 or 10 per cent because of the in- 
complete burning of the materials in passage through the furnace. 

The foregoing sentence states an obvious fact and will be 
universally accepted as commonplace. However, in a _ heat 
balance, if someone sets up a loss of 10 per cent because of in- 
complete combustion in the furnace, the experts will say it could 
not happen—not in a modern furnace. 

However, if we sugar-coat the statement and set the loss up 
as “unaccounted for,” it is accepted, because that is a part of our 
habit of bad thinking. 

With the combustion art being as advanced as it is supposed 
to be, isn’t it about time we began to account for the un- 
accountable? 

These furnace losses which can wholly or in part be corrected 
by proper overfire-air injection are responsible for that quite 
generally misunderstood item unaccounted for. Aside from 
the fact that these furnace losses are actually just slightly larger 


5 Laclede Stoker Company, Chicago, III. 
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than that old unaccounted for item, the two, furnace loss 
and unaccounted for, are identical. 

The author describes an elaborate apparatus for detecting these 
losses. Aside from apparatus of this character, requiring a 
highly developed technique for its manipulation, there is no 
instrument for detecting these furnace losses. Therefore, when 
we conduct a boiler test, these losses in the presence of all our 
thermometers, scales, gages, and Orsats can take place without 
being detected. It is really not strange that some folks sub- 
consciously associate unaccounted for with things mysterious. 

No, we cannot see these losses, and what is more, no one brags 
about them; they get no publicity whatsoever. These are some 
reasons why furnace losses of high magnitude are far more 
prevalent than is generally conceded. 

Regardless of firing equipment, these losses are sure to occur 
in every furnace in the country unless their nature is fully under- 
stood and skillful means are adopted to avoid them. What 
are these means? 

1 A firing equipment of high order whose performance is not 
lowered by poor physical and chemical properties of the coal. 

2 A wholly adequate overfire-air system producing pene- 
trating and sustained turbulence. 

Let us examine some data on firing equipment of the very 
lowest order, in which there might be established some relation- 
ship between coal analysis and furnace losses. 

The writer has computed the furnace losses for about 400 or 
more hand-fired U. 8. Geological Survey tests. As long as these 
tests continue to supply information do not consider them out 
of date. 

These tests have been divided into 21 major groups. Within 
very close limitations, each group satisfies several important 


TABLE 4 COMPARISON OF DATA FOR HAND-FIRED FURN 


ACES COMPUTED FROM U 


FEBRUARY, 


1943 


OF THE A.S.M.F. 


conditions, i.e., the tests of each group are alike as to heat 
release, capacity developed, gas flow per unit time, and air flow 
or CO.. However, while one group may be restricted to 100 
per cent rating, 35,000 Btu heat release, and 12 per cent COs, 
some other group may be restricted to 130 per cent rating, 45,000 
Btu heat release, and maybe only 8'/2 per cent COs. 

Next, each of the 21 major groups is divided into 3 subgroups, 
one subgroup having low furnace losses or high furnace efficiency, 
one subgroup having high furnace losses or low furnace effi- 
ciency, and then an intermediate group. 

Table 4 gives some data on these groupings. 
study extremes, the intermediate group has been discarded. 
So we have 21 cases each varying considerably from the others 
as to general operating conditions, but each within its own group, 
limited very closely to specifie conditions, saves as to fuel and 


In order to 


furnace efficiency. 

The headings are sufficiently descriptive to avoid necessity of 
repeating them here. Attention is called particularly to column 
14, emphasizing the point brought out by the author that the 
showing of the Orsat is of no value in indicating furnace losses. 
True, 17 cases out of 21 (see bottom line) showed higher CO 
losses with the subgroup of low furnace efficiencies. But whereas 
the reported CO losses are usually less than 2 per cent in the low 
subgroups, the actual total losses due to incomplete combustion 
of all materials in flight was about 13 per cent or worse, Fur- 
thermore, until a furnace loss of about 10 per cent is reached, 
there is no correlation between the CO readings and the furnace 
losses. The author’s statement that we need better means for 
analyzing gas is quite definitely correct. 

Smoke starts immediately to indicate most forms of furnace 
loss (see column 15), and in general can be more definitely 
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correlated to furnace losses than can Orsat determinations. 
Note that in 19 cases out of 21, the higher smoke readings are 
associated with the low furnace efficiencies. 

Columns 5, 6, and 7 show the volatile reported on various 
On the bottom line is the score. On a proximate basis, 
16 cases out of 21 reveal higher volatile with the low furnace 
efficiencies; on a moisture- and ash-free basis, in 17 cases out of 
21 higher volatile is associated with the low-furnace-efficiency 
subgroups; and under the volatile-carbon data, 18 cases out of 
21 associate higher volatile with low furnace efficiency. 

Now let us note two elements from the ultimate coal analysis. 
Regarding oxygen, column 12, in 19 cases out of 21 higher oxygen 
of the coal is associated with the low-furnace-efficiency groups; 
and, in column 8, sulphur, in 19 cases out of 21 higher sulphur 
is associated with the low-efficiency group. 

Contrary to some opinions, the hydrogen in the coal (columns 
9 and 10) cannot as yet be so definitely related to these furnace 
losses. Of course hydrogen occasions a loss in its own right, 
which must not be confused with these losses that are due to a 
failure to completely burn all materials in flight. 

Finally, columns 11 and 13, ‘‘mathematical factors,” reported 
by some to be indicators of the difficulties encountered in burning 
coal, are no more valuable in revealing information than are the 
simple elements from which they are made up. 

If a low order of firing equipment is being employed, which 
allows these elements of high volatile, high sulphur, and high 
oxygen to cause a furnace loss, the first thing to do, in order to 
have the advantages of overfire air fully realized, is to employ 
a higher order of firing equipment. 

The foregoing is rather the reverse side of the picture of over- 
fire air. Now let us take the same 3 subgroups of high, low, and 
medium furnace efficiency and study the air-supply condition 
from the same angle as the author has used. 

In Fig. 14, we use all three subgroups of high, medium, and low 
furnace efficiency (see ordinates), and take each subgroup 
separately to plot all the furnace efficiencies of that group against 
CO, or diminishing air supply. Note that, as the CO, grows 
better and better, furnace efficiency grows worse and worse, 
because of mounting furnace losses, due to restricted air. 

The net result on over-all efficiencies (not shown here) is a 
meager gain of about 3'/2 per cent in the entire improvement 
from 7.2 per cent CO, to 12 per cent CO. 

You see what we are up against? Small excess air is highly 
desirable in order to make the boiler efficient as a heat absorber, 
but the smaller the excess air the higher the furnace loss, unless 
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something drastic is done about it. Observe the right-hand 
end of the lowest curve, Fig. 14; 17 per cent of the heat value 
of the fuel wasted by the so-called ‘“‘unaccounted for’’ loss, 
This loss can definitely be labeled furnace loss due to inadequate 
air supply and inadequate turbulence. About 15 per cent more 
air injected over the fire and accompanied by a penetrating and 
sustained turbulence would help that condition considerably. 

It might be enlightening to mention that these same boilers 
were later provided with larger furnaces and fired with both 
underfeeds and chain grates, but still without adequate overfire 
air. The excess air came down and the boiler, as a heat absorber. 
performed better, the over-all efficiency also improving slightly. 
However, the very fact that the air supply was still further 
reduced caused the furnace losses to persist—and definitely. 

Fig. 14 illustrates what is taking place in thousands of plants 
every hour and demonstrates by actual data the need for the 
kind of work the author is doing. 


H. M. Toomss.* Rather than go directly into a discussion 
of the value of jets for the introduction of secondary or overfire 
air, it might be well to examine the entire jet field and see if 
there is really anything of value to be obtained from the use of 
any kind of a jet. 

We are inclined to use almost any kind of jet for practically 
any purpose and thus make a mistake which discourages us 
from further effort. In other words, since first impressions are 
lasting, if the design is poor or the application wrong, which is 
found to be true in so many cases, then we just condemn that 
piece of equipment and have no further use for it. 

An operating man will not continue to use equipment which 
gives him trouble. But let him install something that makes 
the job easier and he becomes wedded to it for life. The writer 
does not mean to intimate that an engineer is lazy, but he knows 
from experience that all he has to do is wait a little while and some 
problem bobs up for solution. This, of course, makes his job 
interesting, but a multiplicity of such items will give him gray 
hair. 

According to Bernoulli’s theorem, when the pressure in a gas 
stream of constant volume is increased, the velocity is increased, 
and when the pressure is decreased, the velocity decreases in 
direct proportion. So if you wish to convert pressure head to 
kinetic energy, you force the gas through a small hole. This 
procedure forms the basis for measuring the flow of gases, 
liquids, steam, air, and water by means of an orifice meter. 
These are also measured by a Venturi tube which is a very 
common type of jet, in everyday use, and one upon which exact 
dependence is placed. We would not think of questioning the 
accuracy of measurements made with a calibrated jet. 

All operating engineers are familiar with the injector. Rail- 
road locomotive engineers bank their lives on its unfailing action. 
That is a jet, and a very wonderful jet it is, because it takes 
steam at boiler pressure and increases the pressure to the point 
of being able to put water back into the boiler again. In sta- 
tionary work, when a centrifugal pump fails or a reciprocating 
pump becomes steam-bound, the injector jet is used to get the 
water into the boiler. That jet is a real pump. 

Ethyl gasoline goes through a combining jet in which is placed 
the lead mixture. Jets are used for water heaters. Then there 
is the thermal compressor which is finding application in many 
new fields. It takes exhaust steam and boosts the pressure so 
that it can be used in places requiring a medium heat head. 
Paper mills and rubber plants (not synthetic rubber) use these 
compound steam boosters. Vacuum pans, filtration projects, 
sludge removal, all use jets for an endless variety of jobs. And 
why? Because the jet is simple in design, reliable in service, 


® Combustion and Refrigeration Specialties, Oak Park, IIl. 
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and operates with cheap readily available steam. It is compact, 
has no moving parts, and the wear is comparatively slight: 

By such means a high pressure is enabled to move a lower 
pressure to an intermediate pressure, just as Bernoulli had 
stated. Therefore, if we want a compact cheap air compressor 
for introducing secondary or overfire air, why not use a steam 
jet? It will do things for us but like every other piece of me- 
chanical equipment it has limitations. 

When a jet is applied to a furnace, it is used as an air com- 
pressor, to boost air or oxygen from atmospheric pressure to a 
sufficiently high pressure to break through the rising stream of 
gas from a fuel bed, caused by the natural stack effect in the 
furnace, or in combination with a forced blower. 

Probably, there is no mechanical appliance in the world that 
has so many different designs as an industrial boiler furnace. 
Designs have been constantly changing and they keep right on 
changing, in the name of efficiency, increased heat release, and 
smokeless combustion. Years ago, furnaces were designed with 
unbelievably long arches in the front; today they are just as 
long, in the rear. Then there are furnaces with an abbreviated 
arch and some with no arches at all. How is it possible to 
determine in advance that they are going to work and work 
smokelessly, even with the advice and aid of our smoke de- 
partments? 

We have not changed our fundamental ideas because air and 
oxygen are still needed at a combustion temperature, if fires 
are to burn smokelessly. With increased emphasis and educa- 
tion on these two basically sound theorems we have met with 
good success. 

When a fire burns, and the fuel is being fed from a grate as in 
the case of a natural-draft chain installation, the coal ignites 
from the top of the pile and starts to burn down. [If all of the 
air is supplied from the bottom or through the grate, free air 
will not catch up with the rapidly releasing gas. It would 
therefore seem reasonable to believe that a certain percentage of 
air could be supplied to the top of the fire and there combine 
more rapidly and quickly with the combustion gases. The 
thought is self-evident to those who have watched a banked fire 
being brought up, with corner air jets laying a solid blanket of 
air over the surface of the fuel bed as it travels toward the 
waterback. Without the jets, the fire is sluggish and dead. 
With the jets, it is bright and lively with small flames shooting 
upward over the entire surface; hence the advocates of secondary 
or overfire air. 

Air is very difficult to control; it will always go a way that 
was not intended. Once it is released from the confining walls 
of a tube or pipe, natural forces swing into action, and we can 
control it no further. If the air is needed over the center of 
the fuel bed, then there must be sufficient force in the stream to 
overcome the stack action of the rapidly rising gases and cut 
right through them so that the air is deposited where we want 
it to go. Jets will do this. Steam jets can be designed that will 
make air whirl, fan out, cup, or pierce. However, the jets and 
nozzle all require separate designs; no two can be exactly alike. 

Today, in an effort to speed up many industrial processes, 
recourse is made to agitation. For example, in the field of 
refrigeration, we have found that by increasing the brine ve- 
locity through a shell cooler, which is nothing more than a hori- 
zontal return-tubular boiler, the capacity or heat absorption of 
the cooler is doubled. Boilers which steam rapidly have the 
fastest circulation. Pumps are being used on boilers to increase 


the water velocity in the tubes and secure faster wiping action 
of the tube surfaces. The results obtained by installing pumps 
on hot-water boilers and heating radiators are well known. 
Overfire air will mix the gas streams and prevent stratification 
of unburned gases, eliminating stray combustion in the tube 
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banks of the boiler. Steam jets have been designed and installed 
to recirculate the combustion gases over the fire without the 
introduction of any additional overfire air, and engineers seem 
to believe that considerable advantage may be obtained by so 
doing. 

The question of steam costs invariably arises whenever jets 
are discussed. Often more argument is expended in this dis- 
cussion than effort is made to fix steam leaks in the plant. If 
steam jets cost as much as some engincers say they do, then 
steam leaks must run into fabulous sums. 

However, this question is again one of economical design. 
Now, a steam jet is not a hole in a piece of pipe. Exhaustive 
tests have been made on jet equipment, and excellent economies 
have been realized, but there is still room for improvement. 
There is no one living who can assemble stock fittings and make 
an economical job. It must be built in accordance with the 
fundamental principles of Bernoulli. 

First, we must determine exactly what we wish to accomplish 
with the air, then decide how much air is required, and finally 
attempt to supply this air in the most economical manner. 

Assume a chain grate 10 X 10 ft, burning 30 lb of coal per 
sq ft per hr; or 3000 lb of coal per hr total, which is at the rate of 
50 lb per min. Assume that 14 lb of air or 200 cu ft are required 
to burn 1 lb of coal. To burn 50 lb of coal per min thus requires 
10,000 cu ft of air per min. This is quite a sizable amount of air. 
To guarantee that it will be uniformly mixed with each pound 
of combustion gases is questionable. A 5/3-in. steam jet cor- 
rectly designed and with 100 psi steam pressure at the nozzle 
supplies better than 850 cu ft per min. Two jets fired tangen- 
tially would use 0.8 X 60 or 228 lb of steam per hr, and if the 
coal cost is 20 cents per 1000 lb of steam, the expense would be 
4'/, cents per hr or about one dollar per day, which does not seem 
excessive for the many advantages derived. 

However, this cannot be done with a piece of pipe. It is 
necessary that the steam nozzle be of correct proportions, that 
it be correctly placed in the combining tube, and that the induction 
tube and tailpiece be of correct design. 


N. E. WERNER.” It is the writer’s opinion that the quantity 
of air to be used as overfire air, since its principal use is to create 
turbulence and agitation, should be held within the range of 
from 3 to 7 per cent of the total air for combustion required at 
the maximum continuous steam output of the unit. This 
overfire air should be introduced at a reasonably high velocity, 
anywhere from 10,000 to 20,000 fpm depending upon the tur- 
bulence required. Uniformly, a separate overfire-air fan must 
be used to obtain the required static pressure corresponding to 
the velocity desired. 

When the desired velocity in feet per minute has been deter- 
mined somewhere between the limits just outlined, the pressure 
head required in the plenum bex will be 


Pp = 


p = pressure in inches H,O 
d = density of air, lb per cu ft 
v = velocity, fpm 


where 


Equation [1] is derived from the basic equation 
v? = 2gh 
The quantity of overfire air on a weight basis, somewhere 


between 3 and 7 per cent of the total air for combustion, is then 
converted to a volumetric basis as follows 


7 Chief Engineer, Bigelow-Liptak Corporation, Detroit, Mich 
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Wxs 
Q= [2] 
where 
Q = quantity of overfire air, efm 
W = weight of overfire air, lb per hr 


S = specific volume, cu ft per lb 
From the known velocity and quantity given, the area of each 
nozzle is readily obtained from the following formula 


144.Q 


CuN [3] 


a= 
where 
a = area of each nozzle, sq in. 
Q = quantity of overfire air, cfm 
C = orifice coefficient (see Fig. 15a) 
velocity, fpm 
number of nozzles 


The nozzles can be spaced conveniently across the furnace 
width approximately on 12 in. centers, keeping the end nozzles 
on both sides approximately 12 in. away from the furnace side 
walls. 
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DESIGN 


The number of nozzles to be used can be determined by de- 
sign in this general manner. 

Fig. 15(a) shows the orifice coefficient C, on the ordinate for 
varying velocities in thousands of feet per minute on the abscissa, 
for the type of nozzles commonly employed for this work. 

The nozzle tips should be designed of a high grade of cast 
iron, preferably Meehanite HC material, with a very gradual 
slope to the orifice in the order of approximately 7 deg with the 
center line of the orifice. The orifice itself should be approxi- 
mately */, in. long and be parallel with the center line of the 
nozzle, as shown in Fig. 15(b). 

A divided plenum box can be utilized in order to secure a 
lesser quantity of overfire air at lower operating rates and still 
maintain substantially the same velocity for continued adequate 
furnace agitation. In this design the nozzles are staggered, 
one projecting from each division of the plenum box so that 
when one division of the plenum box is dampered, only the 
nozzles from the other division or divisions are operating. In 
this manner the pressure head in the various divisions of the 
plenum box can be maintained substantially the same throughout 
the lesser operating rates, but the quantity of overfire air will 
be reduced since the nozzles projecting from the dampered sec- 
tions are not operating. The design of the nozzles for this 


arrangement is carried out in the same manner as outlined, and 
the quantities of overfire air are reduced only by the direct reduc- 
tion of the area of the nozzles. 


Jos. Harrincton.’ Thirty years ago a large number of 
boiler tests showed quite clearly that dense smoke from a chain- 
grate setting was accompanied by an efficiency drop of about 
5 per cent. While we did not know just why this was so, nor 
just what to do about it, the fact seemed to be clearly proved. 

Through all the intervening years, engineers have been con- 
scious of this, but it remained for the author to bring research 
methods to the point where accurate analyses could be made. 

Recent experience by the writer leads to the belief that, while 
smoke is always accompanied by hydrocarbon loss, the latter 
may occur with what we are pleased to call a “clean” stack. 
Two careful tests of recent date illustrate this. Both large 
pulverized-coal jobs, they were practically duplicates except in 
the amount of excess air supplied for combustion. In one, the 
CO, was held down to 14 per cent and an efficiency obtained of 
88 per cent. In the other, the CO, was a full 16 per cent, with 
an efficiency of 83 per cent. This great difference could be 
accounted for in only one way, i.e., a hydrocarbon loss. 

It would be incorrect to stop at this point, however, and allow 
the impression to prevail that 16 per cent of CQ: is per se too 
much. The qualifying phrase, “in this furnace at the rate of 
firing on this test,’ should be used, and this qualification must 
be appended to any statement about the optimum COs. 

The clear deduction is that the most efficient percentage of 
CO, is a function of the fuel, furnace design, rate of heat release, 
and means employed for effecting complete combustion within 
the furnace. Conversely, the popular idea that maximum CO, 
and highest efficiency always go together is definitely wrong. 

The author has done a fine job, not only in developing the 
apparatus necessary for field analyses, but in showing how to 
detect and evaluate the elusive hydrocarbon and hydrogen 
losses. In this, he has also shown how to appraise the value of 
the correct application of overfire air. 

It is not merely more air that a smoky furnace requires. In 
fact, there is usually plenty of air in every furnace. It is a 
matter of mixing the rich and lean strata found in every furnace 
in some degree. Overfire-air jets should be for this purpose 
primarily, rather than simply to put more air into the furnace. 
Consequently, they should be carefully located and directed to 
effect the maximum mixing of the gases. A few high-pressure 
jets are better than many which just let some air ooze in. 

It is the writer’s opinion that before long overfire-air appli- 
cation will be an integral part of every furnace design. The 
author has performed a great service in developing the ways 
and means for evaluating correctly the effect of such appli- 
cation. 


C. C. PLrumMer.® Generally speaking, there are two major 
functions for the use of overfire air. The first would be to obtain 
secondary combustion, and the second to obtain additional 
turbulence in the furnace by the use of high-velocity air. 

There are many instances where secondary combustion may 
be more harmful than otherwise, and also great care must be 
taken in the use of high-velocity overfire air to avoid the possi- 
bility of soft slag impingement on furnace walls or heating 
surfaces. 

With all types of solid-fuel firing where thick fuel beds are 
developed, either by hand-firing or by the use of certain types 
of overfeed stokers, usually of a natural-draft kind, or by the 
use of underfeeds or chain grates, it is possible to consider the 


§ Northern Illinois Coal Corporation, Chicago, II. 
* Hoffman Combustion Engineering Company, Chicago, III. 
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use of more or less overfire air. Favorable consideration of 
the use of overfire air in the instances cited should be based 
upon a careful survey of the combustion processes for each 
individual job, as well as the general arrangement of furnace 
walls and boiler heating surfaces, flame travel, furnace volume, 
and similar factors, which might determine the desirability of 
overfire air, and whether it can be utilized beneficially or other- 
wise. 

If the character of the fuel bed, and the introduction of primary 
air for combustion contribute to conditions in which there are 
two separate effective processes of combustion, this would 
definitely indicate the desirability of secondary air, if it can be 
utilized successfully. It would be presumed that a certain 
coking process would prevail, liberating distillates into the 
furnace above the fuel bed, in such quantities as to indicate 
that at least part of the combustible volatile might not come 
in contact with sufficient oxygen to accomplish complete com- 
bustion. The introduction of additional oxygen throughout 
the furnace, together with an increased turbulence of furnace 
gases, would promote secondary combustion, resulting in higher 
efficiency and presumably a better stack condition. 

In order to accomplish the desired results, the section of the 
furnace taken in a horizontal plane should be of sufficient area 
so that partially burned particles of solid matter, entrained in 
the gas stream, would not be driven against the furnace walls 
in a soft state, thus permitting heavy slag deposits. 

Likewise, the distance from the fuel bed to the first boiler 
heating surface should be sufficient, so that the combination of 
carbon and oxygen, as a result of secondary air, would not take 
place close enough to the heating surfaces, and the temperature 
at that point would be below the ignition point. Secondary 
combustion taking place close to the boiler heating surface will 
promote slagging of boiler tubes, and if the flame travel from 
secondary combustion is around the boiler tubes a smoky stack 
usually results. 

It is usually possible to study individual jobs and to determine 
whether favorable results can be obtained from the use of over- 
fire air in small or greater quantities, or whether better results 
can be accomplished by utilizing thinner fuel beds and mixtures 
of coal and air as a result of better control of forced draft through 
the tuyéres and the fuel bed. Another consideration is the 
utilization of turbulence in the fuel bed, so as to accomplish the 
highly desirable result of complete combustion low in the furnace 
with short-flame ignition, thus avoiding the necessity for any 
appreciable amount of overfire air. 

The Firite spreader stoker with the Hoffman tube tuyére 
grate is a good example of a combination of free oxidation in the 
fuel bed, complete combustion low in the furnace, as evidenced 
by short-flame combustion, and continuous turbulence in the 
fuel bed, due to the tuyére design. All of these factors col- 
lectively eliminate the necessity for overfire air, although they 
do not necessarily preclude its use under certain specific con- 
ditions. 

The standard design of the writer’s company does not call 
for any overfire air for the purpose of secondary combustion, 
or for the purpose of additional turbulence in the furnace. A 
small amount of secondary air injected through the stoker 
throat piece is used for the purpose of cooling the lip of the throat 
plate which is the only part of the interior of this machine which 
is exposed to radiant heat from the furnace. The total amount of 


air thus used will average not over 1 per cent of the amount 
going through the stoker grates. 
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Occasionally there may be an instance where one of our stokers 
has been installed with the total projected grate area selected 
for a favorable combustion rate when operating the boiler at 
around 200 per cent of rating. Later developments may call 
for much higher ratings, which automatically increase the com- 
bustion rates per square foot of grate per hour and lead to some 
thickening of the fuel bed. In an instance of this kind, a careful 
investigation might develop the desirability of additional over- 
fire air introduced into the furnace above the fuel bed, and with 
suitable directional velocity, in order to increase the time ele- 
ment in the furnace. Possibly, this would also promote some 
secondary combustion of fuel-bed distillates and, in some in- 
stances, of gas-entrained carbon particles. 

There is a definite and predictable time element required for 
complete combustion of solid particles in the furnace gases, 
depending upon particle sizes. With any given installation of 
our equipment, with any given fuel analysis, we can make 
accurate predictions of the potential unburned condition of 
various particle sizes of solid matter entering the first tube bank. 
An analysis of this kind would immediately disclose the desira- 
bility of overfire air, the point in the furnace at which it should 
be introduced, the direction and static head desirable, and the 
quantity which would do the job. 

Spreader-type stokers not adequately protected from radiant 
temperatures by water cooling, and using overfire air for cooling 
the coal-feeding units, in most instances, set up secondary- 
combustion processes in the furnace which are more detrimental 
than beneficial. This is evidenced by the fact that observations, 
in a considerable number of instances, have disclosed that with 
the same percentage of CO, at the top of the furnace the tem- 
peratures in the second and third boiler passes are anywhere 
from 60 F to 120 F higher than with spreader stokers installed 
under comparable conditions. It is believed that this condition 
is well understood by superheater manufacturers. We have 
found that they require additional elements when using con- 
vection-type superheaters with the spreader stoker to get the 
desired superheat. We have also found that they are able to 
maintain the desired superheat with this stoker equipment 
much more closely than where large quantities of secondary air 
are required with some other stoker types. 


AvutTuHor’s CLOSURE 


From the discussions presented, the author believes that the 
importance of overfire air is beginning to be appreciated in con- 
nection with many kinds of fuel and many types of installation. 
However, the need for more research, investigations, tests, and 
results is emphasized. 

As Mr. Gilg has brought out the fact that the possibilities are 
greatest where faulty design exists, it is also being worked into 
the original modern design of furnaces to provide turbulence and 
increased combustion rates, especially in large furnaces. 

Its application to burning wet bark is almost fundamental if 
capacity of consumption of the refuse is important, as well as low 
maintenance and smokeless operation. 

It is the author’s conclusion that in modern furnace design, 
covering the numerous methods of firing, more and more atten- 
tion is being given to the use of overfire air as an integral part of 
the design, and that there is much more to be learned about its 
application and results. 

The author desires to thank the discussers for their contribu- 
tions and feels certain that the investigation of this subject will 
be continued. 


; fe 
u 
a 
n 
b 
a 
te 
Cc 
ri 
{ d 
} d 
n 
a 
T 
P 
is 
t 
n 
L 
n 
r 
p 
i 
a 
a 
) 
{ t 
if 
I 
f 
r 
7 
e 
il 
I 


Some Mechanical Properties of Plastics and 
Metals Under Sustained Vibrations 


By B. J. LAZAN,! GREENWICH, CONN. 


A new oscillatory-type testing machine was developed 
for determining the mechanical properties of materials 
under alternating torsional stress. The damping capacity 
and dynamic modulus of rigidity of both plastics and 
metals were evaluated by the use of this machine and 
studies are reported* of how these properties are affected 
by sustained cyclic stress below the endurance limit and 
also at impending fatigue failure. A similar dynamic 
testing machine was built for applying alternating direct 
stress, and parallel studies were made under axial loading 
conditions. The mechanical properties of selected mate- 
rials in static tension, compression, and torsion were also 
determined to supplement the dynamic tests. The wide 
deviations observed between the static and dynamic 
moduli of elasticity for plastics are analyzed and are 
associated with the damping capacity of the material. 
The significance of these deviations, as related to the re- 
peated constant-deflection type of fatigue test on plastics, 
is discussed. Experimental data on the damping capaci- 
ties, dynamic moduli of elasticity, and some static 
mechanical properties are presented for mild steel, 
Duralumin, grade X laminated bakelite, laminated-can- 
vas phenolic, and methyl-methacrylate plastic. 


STATEMENT OF PROBLEM 


bers, vibratory forces are superimposed upon static loadings. 

These dynamic components of the resultant stress affect the 
mechanical behavior of the materials of construction and cause a 
reduction in their load-resisting properties. Higher speeds in 
present-day machinery and transportation have amplified the 
importance of dynamic forces as a factor in design. Studies made 
in England by Aitchison showed that 95 per cent of the failures in 
automobile parts were caused by dynamic forces (1). Hardly 
any machine-part failures investigated by Roos of the Swedish 
Materials Testing Laboratory could be attributed to static forces 
alone; 80 per cent of the failures being caused by repeated stress, 
the remaining 20 per cent involving impact. 

Much research has been stimulated by the need for accurate 
knowledge of the dynamic mechanical properties of materials. 
However, most of this work has been confined to one phase of the 
general problem, i.e., that of evaluating fatigue strengths or re- 
sistance to fracture under alternating stress. Although the 
fatigue strengths are, perhaps, the most valuable properties of 
materials, other dynamic characteristics are significant in many 


T° a large proportion of modern machine and structural mem- 


1 Chief Engineer, Sonntag Scientific Equipment Corporation, 
Greenwich, Conn., formerly Assistant Professor of Engineering Me- 
chanics, The Pennsylvania State College. Jun. A.S.M.E. 

2 This paper was prepared from a thesis submitted in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy at 
The Pennsylvania State College. The tests dealing with plastics 
were sponsored by an A.S.M.E. Engineering Foundation Grant. 

3’ Numbers in parentheses refer to the Bibliography. 

Contributed by the Rubber and Plastics Subdivision of the Proc- 
ess Industries Division, and presented at the Semi-Annual Meet- 
ing, Cleveland, Ohio, June 8-10, 1942, of Tae AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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engineering applications. For example, under the forced reso- 
nant vibrations excited by wind, a copper overhead cable of low 
tensile and fatigue strength may be more durable than a light 
metal alloy of higher strength but lower damping capacity (12). 
Similarly, an engine crankshaft or an airplane propeller of high- 
damping-capacity material may outlast another of low damping 
capacity, even though its statie and fatigue strengths may be 
relatively low. 

The dynamic mechanical properties which affect the service- 
ability of structural and machine parts follow: 


(a) The fatigue strengths define the points of fracture. 

(b) The damping capacities are associated with the peak 
stresses caused by near-resonant vibrations, the heat produced in a 
material during cyclic stress, the noise produced by meshing gears 
and other machine parts, “dynamic ductility,” the ‘whirling’’ 
of rotating shafts, and the vibration insulation of a material. 

(c) The dynamic moduli of elasticity influence the natural 
frequencies of vibration and the alternating stress caused by a 
known cyclic strain. 

(d) The effects of superimposed vibratory stress on the stress- 
strain and strain-time (creep) relationships are important in many 
engineering designs where excessive deformation constitutes 
failure. In heat engines, for example, very small clearance must 
be maintained for efficient operation. 


The special apparatus and methods developed for this work 
have been used to secure a Jimited amount of data on all of the 
dynamic properties mentioned. However, this paper is restricted 
to a discussion of the damping capacities and dynamic moduli of 
elasticity of materials under both pure torsional and pure longi- 
tudinal vibrations. 


APPARATUS AND TECHNIQUE 

Basic Experimental Arrangement. The basie experimental set- 
up is illustrated in Figs. 1 and 14 (a). The oscillator O is attached 
to the bottom of test specimen S by means of gripping chuck C,. 
Chuck (C,, securely attached to massive frame F, supports the 
specimen-oscillator combination. Since frame F is rigid and mas- 
sive, the top of the specimen is practically fixed and the specimen- 
oscillator assembly behaves as a system with a single degree of 
freedom subjected to the forced vibrations of oscillator O. 
Vibrations at any proximity to resonance may be produced and 
controlled. 
The controlled vibratory stress induced in the specimen con- 
stitutes a fatigue test. This cyclic stress is determined from 
inertia force produced by the vibrating mass. The dynamic 
moduli of elasticity are computed from the frequency of the reso- 
nant or near-resonant vibrations., The damping capacities are 
evaluated from the knowledge of the oscillator force and ampli- 
tude of vibration at or near resonance. A quantitative analysis 
of these three properties, with equations, appears in section D of 
the appendix. 
Dynamic tests under many types of stresses may be performed 
with this apparatus. If the oscillator O, in Fig. 1, is adjusted to 
produce alternating torsional couples T,, the specimen-oscillator 
system vibrates as a torsional pendulum and induces alternating 
shearing stress in the specimen. If the oscillator is set to produce 
alternating longitudinal forces F, along the axis of the specimen, 
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Fic. 1 Universat Dynamic TestinG MACHINE 


then direct dynamic stress results. Lateral forces F,’ cause the 
specimen-oscillator system to vibrate as a cantilever beam and 
thereby subject the specimen to alternating bending stresses. 

The apparatus is therefore capable of producing the three most 
common types of dynamic stresses, i.e., tension-compression, 
torsion, and bending, in the pure form. Any combinations of these 
three types of pure vibrations may also be produced by the 
“hypocyclic oscillator” to be described under that heading. 

The vertical specimen arrangement, Fig. 1, is satisfactory for 
most torsional-vibration tests and low-capacity direct-stress tests 
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However, when large specimens are tested under direct dynamic 
stress, the vibration of the supporting frame becomes quite pro- 
nounced. Not only are these frame vibrations troublesome, but 
they signity a source of energy loss which would distort the data on 
the damping capacities and dynamic moduli of elasticity. There- 
fore, when the dynamic forces involved are large, a variation of 
the basic experimental arrangement to be explained in the follow- 
ing section is employed. 

Horizontal Arrangement. Figs. 2 and 14 (0) illustrate a direct- 
stress dynamic testing machine, in which the specimen S is in a 
horizontal position. The roller R and rail 7’ arrangement enable 
the masses 1, and M,’ to move freely in a horizontal direction. 
During the vibration, induced by the oscillator O bolted to the 
mass M,, the two masses always mpved in opposite directions at 
any instant of time. The nodal position of the vibration, which 
always remains stationary, is near the center of the specimen 
(refer to section C of appendix). Parts on opposite sides of 
the nodal section vibrate in antiphase, and the specimen is thereby 
subjected to alternating direct stress. The rails and rollers are 
made of an alloy steel, heat-treated to a Brinell hardness exceeding 
500, and ground to a smooth accurate finish. The extreme hard- 
ness reduces the energy loss caused by hysteresis damping at the 
rail-roller contacts, and the ground finish minimizes the vibra- 
tional energy radiated through the rails to the floor. 

This horizontal setup has the following important advantages 
over other fatigue machines, especially when concerned with 
high-capacity work. 

1 No massive frame or other structural units are required. 
The only parts subjected to the full alternating force are the 
specimen and its gripping chucks. The floor and rails need sup- 
port only the constant dead weight of the apparatus, and a special 
foundation is not required. 

2 Slight difficulty is encountered because of eccentric loading 
of specimens. This eccentricity, which is usually a significant 
source of error in many direct-stress fatigue machines, may be 
caused by the nonlinear motion of the specimen chucks, such as 
occurs in a beam-type machine, or an eccentric center of pressure 
of the applied load. 

The fatigue machine, shown in Fig. 2, reduces both of the fore- 
going causes of eccentricity because all the motions involved are 
linear. Furthermore, all elements of the machine are sym- 
metrical about the axis of the specimen and are subject to easy 
and accurate adjustment for concentricity. 

3 The room available for the test specimen or structure is un- 
limited. The floor rails may be moved apart in order to accom- 
modate a specimen of any length, and with suitable pedestals for 
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raising the rails specimens of any width or height may be in- 
serted. 

4 If the vibrating system is operated near resonance, large 
amplifications in the applied force may be realized. Amplifica- 
tion factors exceeding 200 have been observed in this machine. 

A new +150,000-lb direct-stress fatigue machine of this 
horizontal type which utilizes the resonant-vibration principle is 
now under consideration. 

5 The damping capacities and dynamic moduli of elasticity 
may be evaluated. 

It may be desirable to replace the left-hand weight M’, by a 
fixed support, but dynamic forces will then be transmitted to the 
foundation. For low-capacity machines, it may be more con- 
venient to hang the mass M, from wires, rather than to support it 
on rollers. 

An experimental arrangement, similar to Fig. 2, may also be 
used for large-capacity torsional-fatigue tests. In this case the 
masses, M, and M’,, which may be flywheels, would be supported 
by bearings concentric with the specimen. The two masses would 
vibrate torsionally in antiphase about the axis of the specimen 
and thus subject the specimen to alternating torsional forces. 
This experimental arrangement was not used, however, since the 
basic setup of Fig. 1 was satisfactory for all the torsional work 
undertaken. 

Descriptions of the main parts of the experimental arrange- 
ment, including the two oscillators, will be given. 

Centrifugal-Force Oscillator. The oscillator in the horizontal 
arrangement of Fig. 2 employs the centrifugal force of eccen- 
trically supported rotating masses. In this oscillator, which 
utilizes an old principle (9, 10), but is of a new compact design, an 
eccentric mass is attached to the ends of each of two shafts rotat- 
ing in opposite directions. If the eccentrics are set as shown in 
Fig. 2 (where only one end of each shaft is visible) the vertical 
components of the centrifugal force mutually cancel each other 
and leave only horizontal sinusoidal force F,. 

By turning two diagonally opposite eccentrics through 180 deg, 
the oscillator can also produce pure torsional vibrations. 

As the project expanded in scope, certain limitations appeared 
in the centrifugal-force oscillator, and the hypocyclic oscillator 
was therefore developed. 

Hypocyclic Oscillator.4| The principle of this newly developed 
oscillator is illustrated in Fig. 3. Pinion B meshes with and re- 
volves within stationary internal gear A so that the center of the 
pinion moves in the circular path C-C’-C’. During its clockwise 
revolution, pinion B rotates about its own center C counterclock- 
wise. Since the diameter of the pinion is one half that of the 
internal gear, any point on the pitch circle of pinion B moves with 
linear sinusoidal motion. Thus point P moves along the hori- 
zontal straight line 1-2-1-3-1 and any general pitch point G moves 
along inclined line 4-6-4-5-4. If a small mass (see M in Fig. 3) is 
attached at any pitch point, such as P or G, it produces linear 
sinusoidal force along the direction of the motion. 

In Fig. 3 electric motor E has a flange mounting and shaft ex- 
tension on either end, to which is attached identical ring assem- 
blies R and R’. The motor drives the rotating disks which carry 
pinions B and B’, and the eccentric masses M and M’ move with 
linear sinusoidal motion. The direction of the straight-line 
motions of these masses and the corresponding line of action of 
the linear sinusoidal force are adjusted by meshing the proper 
teeth of pinion B and internal gear A. 

The hypocyclic oscillator illustrated in Figs. 1 and 3 can pro- 
duce many types of pure or combined dynamic force merely by 
proper presetting of pinion B within gear A; for example: 

‘ The patent on this oscillator, which is pending, has been licensed 
to The Baldwin-Southwark Corporation, Philadelphia, which com- 


pany is producing it commercially under the name of the ‘‘Lazan 
Mechanical Oscillator.” 
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Fie. 3. PrincipLe or Hypocyciic OsciLLator 


(a) To produce alternating bending stress in the test specimen 
or structure S, Fig. 1, pinions B and B’ are set as shown in Fig. 3 
so that masses M and M’ oscillate horizontally in phase in paths 
1-2-1-3-1 and 1’-2’-1’-3’-1’, respectively. 

(b) To produce longitudinal vibrations or alternating direct 
stress, pinions B and B’ are set so they mesh at 3 and 3’, re- 
spectively, and the inertia masses remain in the position shown. 
Masses M and M’ therefore move vertically in phase in paths 
1-4-1-5-1 and 1’-4’-1’-5’-1’, respectively. 

(c) To produce torsional vibrations pinion B is meshed with 
gear A at point 5 so that mass M and pinion B’ remain in the 
position shown in Fig. 3. Masses M and M’ therefore move 
horizontally in antiphase in paths 1-3-1-2-1 and 1’-2’-1’-3’-1’, 
respectively. 

(d) A state of combined torsion and bending, combined tor- 
sion and direct stress, or combined bending and direct stress in 
any relative magnitude is produced by setting the pinion so the 
inertia masses move in a predetermined inclined direction and/or 
at suitable phase angles. 

To regulate the magnitude of the force produced by this 
oscillator, any one or several of a geometric series of masses similar 
to M may be screwed in place. In a new design, not used in the 
present work, the force may be continuously regulated while the 
oscillator is in operation. 

The frequency of oscillation may be altered, even if the motor 
E has a constant speed, by inserting suitable change gears be- 
tween the motor and ring assembly. 

The hypocyclic oscillator weighs about 50 lb, including its '/s- 
hp, 1800-rpm, synchronous electric motor, which alone weighs 
25 lb. The latest design can produce forces exceeding 500 lb, or 
torques greater than 2500 in-lb; however, a larger motor may be 
required for some applications. 

Use of Near-Resonance Vibrations. The specimen-oscillator 
vibrating systems. shown in Figs. 1 and 2, may be operated at any 
proximity to resonance. Near-resonance vibrations were used for 
two reasons: 

(a) To permit a more accurate determination of the damping 
capacities and the dynamic moduli of elasticity (refer to equations 
in section D of appendix). 

(b) To increase the force-producing capacity of the dynamic 
testing machine (9). The amplitude of forced vibration pro- 
duced by an alternating force of constant magnitude (such as the 
force of an oscillator) may increase more than 200 times as a 
vibrating system approaches resonance. This vibration amplifica- 
tion is illustrated in Fig. 4, and factor A, and other symbols are 
defined in section A of appendix. 

Synchronous-M otor Drive for Resonance Control. Because of the 
steepness of the resonance curve near resonance, an oscillator 
motor with excellent speed regulation is required, in order to con- 
trol reasonably the force on the test specimen. For example, ex- 
perimental curve B of Fig. 4 shows that for a material possessing 
low damping capacity, a 1 per cent change in oscillator frequency 
near resonance may cause a 500 per cent change in amplification 
factor A, and the stress in the test specimen. If the vibrating 
system is operated away from resonance, or if high damping 
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capacity is present in the system (see curve C in Fig. 4), then the 
amplitude of vibration does not vary so critically with oscillator 
frequency. 

The speed of the usual electric motor is influenced by such 
factors as variation in motor load, line voltage, and heat transients, 
which disturbances often cause a speed fluctuation exceeding 5 
per cent. With special apparatus it is possible to reduce this 
fluctuation to within 1 per cent in some cases. With the ordinary 
synchronous motor, however, the speed remains essentially con- 
stant. 

Method of Tuning Vibrating System to Resonance. Since the 
oscillator frequency f, can be changed only in steps with change 
gears, the natural frequency f, must be altered to tune the vibrat- 
ing system to resonance. 

The natural frequency of the torsional vibrating system of 
Figs. 1 and 14 (a), is adjusted by changing the moment of inertia 
I, of the oscillator assembly (see Appendix, Equation [2]) by 
turning poise P on the threaded rod. 

The natural frequency of the longitudinal vibrating system of 
Figs. 2 and 14 (b) is changed by adding masses AM,’ to the left 
end of M,’ (see Appendix, Equation [3]). 

A phase indicator is built in each oscillator (see 7, Fig. 1) to 
show the phase angle between sinusoidal force of the oscillator 
and displacement of the vibrating system. The position on the 
resonance curve, Fig. 4, may be determined by reading this phase 
indicator as explained in the following section. 

Measuring Apparatus and Technique. The amplitude of vibra- 
tion of a body or of an ink spot on a specimen is measured by a 
microscope-stroboscope technique (see R’ and L in Figs. 1 and 2). 
In many cases a light needle scratch is placed on the vibrating 
body and, under oblique white illumination, the path of motion 
can be seen and quickly measured microscopically, without 
stroboscopic light. 

To determine the phase angle of the vibration, the stroboscope 
is set at nearly twice the frequency of the vibration so that one 
spot on the oscillator generally appears to be two, always moving 
in opposite directions over the amplitude of the vibration. When 
the two spots cross, appearing as one spot, the vibration is at its 
mean position. At that instant, the phase angle is read on the 
phase indicator (see J in Fig. 1) illuminated by the same strobo- 
scopic light. 

Specimens and Gripping Devices. Nearly all tests reported in 
this paper were performed on uniform unmachined rods and tubes 
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with outside diameters from '/, to */, in. without fillets or specially 
machined test section. 

Standard collet chucks for turret lathe and milling machine® 
(see C, and C, in Fig. 1) were used to grip the test specimen. The 
friction bond between the specimen and collet over 1'/, in. of 
specimen length was sufficient for these tests. 

One desirable feature of the collet-chuck grip is that it can 
accommodate as a test specimen any uniform tube and rod with- 
out specially machined ends or test section. This is advantage- 
ous because specimens are easier to make, long gage lengths may 
be employed, and plastic and other rods with special surface coat- 
ings may be tested in an undisturbed condition. The fact that 
very few fractures occurred at the grips is indicative of the effec- 
tiveness of the chucks in avoiding stress concentration. 


Test PRocEDURE AND CALCULATIONS 


The specific procedure followed during any given test was de- 
termined by the requirements of the test. However, the general 
manipulations of the apparatus were somewhat similar for all 
tests, and the following sample procedure is intended to bring out 
the general operating details. 

Sample Procedure for Torsional-Vibration Study. The speci- 
men, a %/,-in-diam laminated-canvas-phenolic rod, was left in 
the as-received condition without disturbing the surface. On the 
basis of natural-frequency Equation [2] of the Appendix, the 
hypocyclic oscillator was set at 7.5 cycles per sec with suitable 
change gears, and the moment of inertia of the oscillator assembly 
wos set at 700 lb-in.? by moving poises P in Fig. 1 to a prede- 
termined position. 

The apparatus was assembled as shown in Fig. 1 with a small 
eccentric mass M screwed in place. The oscillator was turned on, 
and the phase angle, read as explained previously, was about 
30 deg. Since resonant vibrations were desired, the poise P was 
turned further out on its threaded rod, thereby increasing the 
moment of inertia of the oscillator and making the phase angle 
approach 90 deg or resonance. When the moment of inertia /, 
reached 731 lb-in.?, the system was at resonance and the ampli- 
tude of vibration was read with scale microscope 2’ as explained 
before. Immediately after this reading was taken, which re- 
quired about 3 min, the oscillator was stopped and a larger 
eccentric mass was screwed in place. Again the phase and ampli- 
tude were read and the adjusting-to-resonance process repeated. 
Successively larger eccentric masses were screwed in place to pro- 
duce increasingly higher stresses in the specimen. 

The alternating torque exerted by the oscillator was computed 
for each setting by the equation® 


T, = (oscillator force) X (torque arm) 
= (Mew,*)d 


The dynamic modulus of rigidity and the resonance-amplifica- 
tion factor A, were determined by means of equations given in 
section D of the Appendix. 

Procedure for Longitudinal Vibrations. The test procedure dur- 
ing longitudinal-vibration studies was similar to that just 
described for torsional vibrations, except that control masses 
AM,’ in Fig. 2 were used to adjust to any proximity to resonance. 
The damping capacity and dynamic modulus of elasticity were 
computed from equations given in section D of the Appendix. 

Static Tension, Compression, and Torsion Tests. Several 
selected specimens were tested under static tension and com- 
pression in a screw-driven, hydraulic weighing testing machine. 
The crosshead speed was maintained at 0.02 in. per min through- 
out all tests. The load-deflection curves were autographically 
recorded with an O. S. Peters recording unit. 

5 The manufacturer of these chucks is The Universal Engineering 


Company of Frankenmuth, Mich. 
6 Symbols used are given in the Nomenclature, section B, appendix. 
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The mechanical properties under static torsion i 1 
were determined in a dead-weight type torsion 150 }—& Moterial. Mild Stee/ 
machine, a description of which is beyond the & pot 
wbration (me on wsoing 
scope of this paper. The load was applied at ¥ Chin. OD by $in 1D) of tensile strength» 7500p 3: 
such a rate as to cause fracture in about an hour. | iso} Curve ®@: Data by foeppl Crate of decay of 
al torsional vibrations) damping Machine (3) 
Almospheric Conditions During Test. Since the Wand 
properties of plastics are affected by temperature @: Cole ty 
and humidity, it is desirable to test all plastics § AERC 
in a controlled atmosphere (4, 5). However, d 
. . oo 
during the fatigue tests, the temperature rise due 
to hysteresis damping is probably large enough to ¢ vo + See nore bn Figure 6 
mask all other effects caused by atmospheric con- * 
ditions. In this preliminary work therefore no & 
attempt was made to condition the specimen prior 3 70 
to testing or to control the temperature and § __ 
humidity during testing. Nevertheless, sling t 
psychrometer readings were taken during the tests - ze 
so that the relative humidity could be computed. re 
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of elasticity (discussed in a subsequent section) as ordinates. 

In Figs. 5 and 6, the abscissa S,, is the shearing stress which 
would exist in the test specimen, if the maximum value 7’, of the 
oscillator torque were applied statically. The dynamic shearing 
stress S, at any abscissa S,, equals the product of S, and A,. The 
abscissa S,, was used in these figures so that any changes in the 
ordinates A, and G produced by cyclic stress may be represented 
by vertical discontinuities in the experimental curves. The 
thousands of stress cycles since the last recorded point on these 
vertical portions of the curves are indicated by the numbers ad- 


TORSIONAL VIBRATIONS 


jacent to the experimental points (see notes a and b of Fig. 6). 

In Figs. 7 to 9 no attempt is made to illustrate the effect of cyclic 
stress on ordinates A, and G, and the abscissa is the dynamic 
stress S, or S, for the torsional and longitudinal cases, respec- 
tively. 

Resonance-Amplification Factor A,. In the following discussion 
the terms “damping capacity” and “resonance-amplification 
factor’ (a quantitative and reciprocal measure of damping 
capacity) are used in accordance with the definitions given in 
section A of the Appendix. 
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Fic.8 RESONANCE-AMPLIFICATION FACTOR AND Dynamic Mopvu.vus 
oF Riaipity oF Puastics UNDER TORSIONAL VIBRATIONS 


Fig. 5 shows the resonance-amplification factor of mild-steel 
specimens. Curves 1 and 2 were obtained with the apparatus 
described in this paper; curves 3 and 4 were derived from damp- 
ing-capacity data secured by two different accepted methods and 
recomputed by Equations [23] and [29], section D of the Appen- 
dix, for conversion to ordinate A,. A fair correlation between the 
various data exists at low stress, but the deviation increases as 
the stress increases. The differences in the mild steels used for 
the various tests may account for some of the deviation, but the 
“cold-working” effect which will be discussed offers a more 


probable explanation. 


The resonance-amplification factor for the plastics of Figs. 8 
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Thus for certain 
engineering applications, plastics may be superior to 
metals as illustrated by the following numerical 
example: 


and 9 is about '/;9 that of metals. 


If an alternating force excites resonant vibrations, 
the dynamic stress produced is the product of the 
resonance-amplification factor A, and the magnitude 
of the exciting stress. Under direct stress the en- 
durance limit of duralumin, astrong aluminum alloy, 
is about 15,000 psi, at which stress the resonance- 
amplification factor, given in Fig. 7, is 242. Thus, if 
a duralumin structural member is subjected to 
longitudinal resonant vibrations, the magnitude of 
the exciting force cannot exceed (15,000/242) = 62 
psi of cross-sectional area. If this same structural 
member were made of canvas laminated plastic 
(with an endurance limit of about 5000 psi, at which 
stress factor A, in Fig. 9 is 11) the exciting force 
could attain a value of (5000/11) = 464 psi of cross- 
sectional area before fatigue failure would occur. 

The significance of high damping capacity (or low 
resonance-amplification factor) in reducing resonant- 
vibration stresses is further clarified in Fig. 10, which 
is a replot of Figs. 7 and 9 to different co-ordinates. 
The superior damping capacity of the plastic, which 
may more than compensate for its low fatigue 
strength, is thus a desirable feature in aircraft and 
other members subjected to vibration-inducing 
forces. However, the duralumin member may be 
more durable than the plastic member, if static loads 
are superimposed or if nonresonant vibrations are 
excited, or if other damping agents are present in 
the vibrating system. 

The cold-working accompanying sustained cyclic 
stress may greatly affect the damping capacity of 
a material. The vibration-decay method (12) and 
the static method (19) of determining damping 
capacity cannot readily reveal the effects of the 
cold working since these methods subject the 
specimen to only a few cycles of stress and thus yield 
only the properties of the more or less virgin material. 
However, in the resonant-vibration method, used in 
the present work, any number of stress cycles can 
be applied and the cold working may cause an in- 
crease in the resonance-amplification factor. 

The vertical discontinuities in curves 1 and 2 of 
Fig. 5 illustrate the effect of sustained cyclic stress in 
factor A,. Because of the accumulative increase in 
A,, the rise of curves 1 and 2 above 3 and 4 is 
reasonable. 

A more obvious example of the manner in which 
cold working may increase the resonance-amplifica- 
tion factor is shown in Fig. 6, curves 1, 2, and 3, for 
different specimens from the same piece of Duralumin 
tubing. The specimen of curve 1, tested quite rapidly 


in order to keep the cold working to a minimum, is the lowest 
of the three. The specimen represented by curve 2 was tested 
rapidly to point a, then subjected to a large number of cycles 
which raised the resonance-amplification factor to point b, and 
was then continued to point c. As the stress in this specimen was 
gradually decreased, the return curve c-d was considerably higher 
than the original curve. The specimen of curve 3 was subjected 
to numerous cycles of stress along its entire length, and therefore 
it is above the other two curves. 
trates the asymptotic manner in which the resonance-amplifica- 


Portion a-b of curve 3 illus- 


tion factor A, increases with number of cycles of stress. Although 


A, increases rapidly with early cyclic stress, it gradually ap- 
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4 proaches a more or less fixed value as the number of © ~“?“7 oe 
Since sustained vibrations may increase the reso- | | 
resonance based on rate-of-vibration decay or static 
test data may be low and therefore unsafe. ees 
Although sustained vibrations at low and medium 
stresses increase the resonance-amplification factor, | | | 5 
vibrations at stresses well above the endurance limit 
may decrease this factor for steel. Sufficient work has of 
not yet been done to correlate these changes in factor T 
: A, with the endurance limit or structural damage & | 4 
4 caused by overstressing. 3 es 
Damping capacity of materials as reported by ‘ 
different observers differ widely, depending upon the N if, | 
method of observation (8). An important reason for 7 
the experimental scatter is explained as follows: [ 
/ obtained by any dynamic method depends upon the / L-= | | | ‘ 
vibrational-energy losses in the entire system. These 
losses are due to hysteresis within the specimen and | on” | Comes 
to extraneous work done at the supports and loose 
parts, slippage between specimen and chucks, and | 
general vibration radiation. If these extraneous 
losses are not small in comparison with the hysteresis $0 700 160  €00 900 950. 400 450 500 
energy absorbed, which in itself is rather small for Fie. 10 
| metals, then the values observed for the damping PLastic ap 1 DURALUMIN 
j capacity of the material will be too large. 
‘ Numerous precautions were taken in this study to minimize Dynamic Modulus of Elasticity. The dynamic modulus of elas- 
3 the extraneous energy losses and other sources of error. While _ ticity of a material, or the ratio of stress to strain effective during 2 
there is no simple method of evaluating the effectiveness of these a vibration, is usually lower than the static modulus. The four 
precautions, the data agree with other test values of damping main reasons for this deviation are temperature increases caused =: 


capacity (tests on magnesium alloys, not reported herein, reason- by damping, hysteresis-loop distortions, cold working, and 
ably check reference 12, and the bakelite data agree well with thermodynamic effects, which will be discussed in that order. 


reference 15). Since damping capacity is highly structure-sensi- 1 Materials often become very warm under cyclic stress be- 
; tive, a close comparison is not to be expected. cause their damping capacity dissipates part of the vibrational 
i energy as heat. Since the mechanical properties of materials 
{ é are a function of specimen temperature, the dynamic 


modulus of elasticity deviates from the static value. 

Most metals possess comparatively low damping capacity, 3 
and furthermore their moduli are rather insensitive to : 
temperature changes. The temperature of iron and steel, for 
example, may be increased about 100 deg above room tem- 
perature before a 1 per cent change in the modulus results 
(14). Thus the dynamic moduli of elasticity of metals should 
not be greatly influenced by the temperature effect. 

Plastics and many other nonmetallic materials, on the 
other hand, possess high damping capacity and therefore 


Resonance Amplification Factor 


heat up considerably under cyclic stress (16). Fig. 11 shows 
° 1 1 the equilibrium temperature of the specimen as a function of 
F ne on T dynamic stress for a phenolic laminated plastic. Further- 
C- Canvas Laminated Phenolic 
Toma Humidity 40% _| { more, the mechanical properties of nonmetals are highly 
| Static im Tension = 15 psi. : sensitive to temperature change (17). For example, the 
F . Tensile Strength «12,700; 12,000 ps: modulus of elasticity in tension of the average phenolic 
Sompressive Strength 6.000 ps: | | | |__| plastic decreases about 30 per cent as the temperature is 
2 | increased from —38 to 78 F (13). Thedynamic modulus of 
elasticity of a plastic should, therefore, be lower than the static 
—t— modulus, especially at high stress. Most of the decrease in 
Stotic Ein Tension 0.93 psi the dynamic moduli for the plastics shown in Figs. 8 and 
9 is probably due to the temperature effect. 
2 A material exhibiting a curved stress-strain diagram 
4 y ‘ } | or a measurable hysteresis loop in a given stress range does 
rs kel Humidity» 20% not have a constant static modulus of elasticity. The varia- 
os tion in the static modulus during a cycle of stress depends 
upon the area-of the hysteresis loop, or damping capacity, 
Fig.9 Resonance-AMPLIFICATION FAcToR AND Dynamic Moputvs and therefore increases with magnitude of stress. 
or Exasticiry or PLastics UNDER LONGITUDINAL VIBRATIONS The dynamic modulus of elasticity for a given stress cycle is 
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some average of the variable static modulus over this cycle. 
Therefore, materials possessing high damping capacity should 
have a lower dynamic than static modulus of elasticity (measured 
on the upward branch of the load-deflection curve) and also show 
a decrease in the dynamic modulus as the stress increases. The 
small reduction in the moduli of the metals as the stress increases, 
and part of the large drop observed in the plastics, are probably 
associated with the hysteresis-loop effect. 

3 The cyclic stress accompanying a dynamic test disturbs the 
structure of a material by cold working or “fragmentation.”” In 
metals cold working causes a relatively minor change in the 
modulus of elasticity, as shown in Fig. 6. In plastics, however, 
high cyclic stress may evidently cause considerable fragmenta- 
tion in the structure of the material, and the modulus of elas- 
ticity may be greatly reduced. The modulus of rigidity of the 
canvas laminated plastic, C of Fig. 8, for example, was reduced 
from 414,000 to 337,000 psi (temperature effects corrected) by 
alternating torsional stress of +3000 psi maintained for about 
40,000 cycles. 

4 The determination of the static load-deflection curve of a 
material proceeds slowly enough to permit the assumption that 
the specimen is always at room temperature. The static modulus 
of elasticity is thus essentially the isothermal or constant tem- 
perature value, if the room temperature is assumed constant. 

During the longitudinal vibrations, however, the alternating 
strains occur too rapidly to allow thermal equilibrium to be at- 
tained, and the vibration is adiabatic, or constant heat in nature. 
This adiabatic state requires the specimen to go through cyclic 
temperature changes at the same frequency as the vibration; 
cooling down with increasing volume (or stretching) and heating 
up when compressed. These temperature changes cause contrac- 
tion and expansion in the specimen, and the effective or adiabatic 
modulus is slightly higher than the isothermal value (18). 

For the materials considered in this paper the adiabatic modulus 
is less than 1 per cent higher than the isothermal modulus. 

The total deviation between static and dynamic moduli of 
elasticity caused by all four factors mentioned is but a few per cent 
for the metals tested. The fact that the dynamic modulus of 
metals decreases slightly with stress is of some practical impor- 
tance in spring design. If very accurate instruments and a 
special technique are employed, static tests also show a decrease 
in modulus with stress (6) of the same order of magnitude as 
dynamic tests. 

In plastics, however, the first three factors discussed reduce 
the dynamic modulus considerably as the stress increases. Figs. 
8 and 9 show that the static modulus of elasticity of a plastic may 
be 40 per cent higher than its dynamic modulus. However, if the 
experimental curves of these figures are extrapolated to zero 
stress, the dynamic moduli are within a few per cent of the static 
values. 

The dynamic method of determining the moduli of elasticity of 
materials is precise and sensitive although it does not require 
delicate or elaborate apparatus (20). The dynamic testing ap- 
paratus used was sensitive. within 0.1 per cent and the probable 
error of an observation is about 1 per cent if proper precautions 
are observed. 

The Fatigue Test. The concept of a variable dynamic modulus 
of elasticity in plastics is closely associated with a proper in- 
terpretation of fatigue-testing results. A discussion of this as- 
sociation follows. 

The two most common types of fatigue-testing machines used 
on plastics are the R. R. Moore rotating-beam type and the 
Krouse plate or sheet type (13, 5). 

The Krouse machine is of the repeated constant-deflection 
type in which the end of a cantilever plate is oscillated by a cam- 
and-arm mechanism. In using this machine, the tacit assump- 
tion is made that the static modulus equals the dynamic value, 
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which is contrary to the experimental data of Figs. 8 and 9. On 
the basis of the observed deviation between the static and dy- 
namic moduli, the error involved in the calculated alternating 
stress produced by the Krouse machine, or any other repeated 
constant-deflection type of machines, may exceed 40 per cent. 

The endurance to a specific alternating deflection may be more 
important than the endurance to a specific stress in some types of 
springs, for example. Thus, the constant-deflection type of ma- 
chine may yield valuable information; but the results of a 
repeated-deflection fatigue test on plastics should not be given 
in terms of stress. 

The variable dynamic modulus of elasticity also introduces 
some inaccuracies in the R. R. Moore machine. The stress in the 
rotating-beam type of machine is computed by the simple bending 
equation Sy; = Mr/I, which does not involve the modulus of 
elasticity directly. However, in the derivation of this equation, 
it is assumed that the stress is proportional to the distance from 
the neutral axis of bending, which in turn assumes that the 
modulus of the material is constant at all stresses. On the basis 
of the observed decrease in dynamic modulus of elasticity with 
stress, Fig. 9, the outer highly stressed fibers will have a lower 
effective modulus during the cyclic stress.7?- Therefore, it may be 
concluded that the fatigue strength determined by the rotating- 
beam test cannot be safely used in design problems involving 
direct stress. The difference between the rotating-beam fatigue 
strength and the direct-stress fatigue strength is similar in nature, 
but probably not so great in magnitude, as the difference between 
the static modulus of rupture in bending and the static tensile or 
compressive strength. 

For reasons similar to those cited the fatigue strength obtained 
from torsion tests on solid rods is higher than that under uniform 
shear. This source of error is reduced by using tubular specimens. 

The foregoing discussion was referred to plastics because the 
effects involved are particularly large for materials of high damp- 
ing capacity. However, metals are also affected to a limited ex- 
tent (see comparison of direct-stress fatigue strengths with rotat- 
ing-beam fatigue strengths in reference 2). 

A quantitative analysis of the significance of the variable 
dynamic moduli of elasticity as related to the fatigue testing of 
plastics is now under way. 

During a fatigue test, the specimen is well above room tem- 
perature, as indicated by Fig. 11. Thus, the fatigue strength de- 
termined is not that at room temperature but rather at some ele- 
vated temperature dependent upon the rate of heat generated 
within the specimen and that lost to the surroundings (16). 

The fatigue strengths of metals are changed only slightly by the 
temperature increase (2) which occurs during cyclic stress. 

The fatigue strengths of plastics are highly temperature-sensi- 
tive. For example, the fatigue limit of methyl-methacrylate 
resin is 2000 psi at 78 F and4800 psi at —38 F. Thus, in testing 
plasties such variables as frequency, size of specimen, rate of heat 
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7 The change in modulus with increasing stress, or distance from 
the neutral axis, is probably not as large as illustrated in Fig. 9, be- 
cause, after thermal equilibrium is attained, each point in the test 
specimen will have about the same temperature regardless of the local 
stress, 
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Fig. 12) Torsionat-VIBRATION FaTiGUE FAILURES 


1, steel tubing; C, bakelite tubing; 
B, nickel tubing; D, lucite rod.) 


loss from the specimen, and other factors affecting the specimen 
temperature will influence the observed fatigue strengths. 

The behavior of Lucite (methyl-methacrylate resin), during a 
fatigue test, illustrates the effect of temperature on the proper- 
ties of plastics. The Lucite specimen D, Fig. 13, was subjected to 
direct alternating stress in the horizontal arrangement of Fig. 2. 
The stress was above the endurance limit, and at the working fre- 
quency of 67.5 cycles per sec the specimen warmed up to about 
160 F. After about 500,000 cycles of stress, one spot on the speci- 
men became hotter than the rest, probably reaching 250 F, and 
localized plastic flow soon caused a bulge or swelling there. 
Further stress cycles slowly increased the size of the swelling (see 
Sin Fig. 13, specimen D), which soon reached a limiting size and 
stabilized. Measurement showed that most of the deformation 
in the specimen occurred in this swelling. After about 300,000 
more cycles of stress, before actual fracture occurred at the first 
swelling, and even though the specimen was fan-cooled, a sec- 
ond swelling started about 3 in. away from the first, but again the 
specimen did not fracture. Finally, after 100,000 cycles additional, 
the specimen fractured, but not at either original swelling. 

It zppears that high temperature at the point of potential or 
impending fatigue failure may in some way strengthen the ma- 
terial. Perhaps the mechanism of this strengthening process is 
similar to the heat-treating effect in metals. 

The foregoing observations partially explain the unusual be- 
havior of notched Lucite fatigue specimens. Tests show (4) that 
the endurance limit of a 60-deg notched fatigue specimen is 30 per 
cent greater than that of an unnotched specimen of equal cross- 
sectional area. Although the greater strength of the notched 
specimen appears inconsistent with the usual understanding of 
stress concentration, the heat-treatment effects at the root of the 
notch may strengthen the material enough to make the difference. 

In order to study general behavior of the damping capacity 
and dynamic moduli of elasticity before fatigue failure, several 
fatigue tests were run. Miscellaneous broken specimens are 
shown in Figs. 12 and 13. In nearly all cases observed an abrupt 
drop in both the resonance-amplification factor and dynamic 
modulus of elasticity occurred before any macroscopic cracks 
could be observed in the test specimen. 


CONCLUSIONS 


(a) The two oscillatory-type dynamic testing machines de- 
veloped for this work provide a simple and effective means of 
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Fig. 13 FATIGUE FAILURES 


bakelite tubing; 
D. lucite rod; 


E, canvas phenolic; 
F, aluminum tubing.) 


studying the mechanical properties of materials under complete 
reversals of both direct stress and torsional stress. 

These machines overcome three limitations in the rate-of- 
vibration-decay method of measuring damping capacity; Le., 
the effects of cyclic stress may be continuously determined, the 
damping capacity of any material under direct alternating stress 
may be evaluated, and materials or structures with very high 
damping capacity may be accurately studied. 

Furthermore, a continuous record of the dynamic modulus of 
elasticity may be kept and complete fatigue tests may be run 
with these machines. 

(b) The resonance-amplification factor for the plastics tested 
was about '/19 that of the metals. 

(c) The stress induced by resonant vibrations in a structural 
member is proportional to the product of the exciting force and 
the resonance-amplification factor. Therefore, structural plastics 
with a low fatigue limit (about '/; that of Duralumin), and a 
much lower resonance-amplification factor, may actually be more 
durable than metals in members subject to large vibration-ex- 
citing forces. 

In some aircraft parts the superior vibration-damping ability 
and low density of plastics (about 0.5 that of aluminum and 
0.18 that of steel) may make them an acceptable substitute for 
metals. 

(d) Sustained cyclic stress below the endurance limit in- 
creased the resonance-amplification factor of the metals tested as 
much as 25 per cent. Although the increase was rapid at first, 
the resonance amplification changed very little after about 100,000 
cycles of stress. 

(e) A pronounced reduction in both the resonance-amplifica- 
tion factor and the dynamic modulus of elasticity occurred at im- 
pending fatigue failure in all materials tested. This reduction 
was usually evident before any macroscopic fatigue cracks could 
be observed. 

(f) For most of the metals tested the dynamic modulus of 
elasticity, under both direct and torsional stress, decreased a few 
per cent as the alternating stress increased. The dynamic moduli 
were within a few per cent of the static moduli. 

(g) For the plastics tested, the dynamic modulus of elasticity 
under both direct and torsional stresses decreased as much as 40 
per cent as the magnitude of the alternating stress increased. 
However, the dynamic modulus at zero stress, obtained by ex- 
trapolating the experimental curves showing dynamic modulus 
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versus stress, was within a few per cent of the static modulus. 

(hk) Since the dynamic modulus of elasticity may deviate con- 
siderably from the static modulus, most repeated-constant-de- 
flection types of fatigue machines do not give reliable results on 
plastics. 

(7) The high damping capacity of plastics causes a large 
amount of heat to be developed within the specimen during the 
fatigue test. The resulting rise in temperature may greatly in- 
fluence the mechanical behavior of the plastic. 
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Appendix 
A—DEFINITIONS OF TERMS 


The “dynamic modulus of elasticity” refers to the stress-to-strain 
ratios effective during a vibration. 

The ‘damping capacity”’ measures the ability of a material to 
absorb energy while being subjected to cyclic stress. Its magni- 
tude is proportional to the area within the hysteresis loop caused 
by inelastic action. 

The ‘resonance-amplification factor A,’’ of a material is a 
reciprocal function of its damping capacity. Quantitatively, it is 
the ratio of the total force F, (or torque 7,) in a specimen under 
resonant vibrations to the amplitude of the exciting force F, (or 
torque 7). Materials displaying a large hysteresis loop possess a 
high damping capacity and a low resonance-amplification factor. 


B—NOMENCLATURE 
The following nomenclature is used in succeeding sections: 


A = cross-sectional area of test specimen, sq in. 
a = amplitude of linear sinusoidal vibration of oscillator, in. 
A, = vibration-amplification factor = ratio of internal force in a 
specimen during a vibration to exciting force 
= F,/F, for longitudinal vibrations 
= T,/T, for torsional vibrations 
A, = resonant-vibration-amplification factor = A, at resonance 
D, = hysteresis damping capacity in direct stress, or energy ab- 
sorbed per cycle of vibration, in-lb per cycle per cu in. 
D, = hysteresis damping capacity in torsional stress, or energy 
absorbed per cycle of vibration, in-lb per cycle per cu in. 
E = modulus of elasticity in direct stress, psi 
e = amplitude of motion of oscillator eccentric masses, in. 
f, = natural frequency of vibrating system, cycles per sec 
f. = frequency of forced vibrations, induced by the oscillator 
cycles per sec = w,/2r 
F, = maximum value or amplitude of alternating oscillator 
force, lb 
F, = internal force (total stress) in test specimen = A, F,, lb 
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modulus of elasticity in shear, or modulus of rigidity, psi 
moment of inertia of oscillator assembly, lb-in-sec? 
J = polar moment of inertia of cross section of test specimen, 
in;* 
L = effective length of test specimen, in. 
M = total mass of oscillator rotating eccentrics, lb-sec? per in. 
M, = total mass of oscillator assembly, lb-sec? per in. 
r = radius of test specimen, in. 
S, = direct stress in either tension or compression, psi 
Sy = stress that would be caused by torque 7’, (or force F,) if 
applied statically 
= T.r/J tor torsion, psi 
= F,/A for direct stress, psi 
S, = shearing stress induced by torsion, psi 
T, = maximum value or amplitude of alternating oscillator 
torque, in-lb 
T, = internal torque in test specimen = A, 7’,, in-lb 
6g = logarithmic decrement in longitudinal vibration 
6, = logarithmic decrement in torsion 
6 = amplitude of torsional vibration of oscillator, radians 
@ = phase angle between rotating vector, representing alternat- 
ing force produced by eccentric masses M and vector 
representing oscillator vibration, deg 
vg = specific damping capacity in direct stress 
¥, = specific damping capacity in torsional stress 
w, = frequency of forced vibrations induced by oscillator, 
radians per sec 
w, = natural frequency of vibrating system, radians per sec 
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C—EquaTions oF NaTruRAL FREQUENCY OF VIBRATION (7) 
(a) Longitudinal vibration of system in Fig. 14 (a) 
expressed in radians per second. 
(b) Torsional vibrations of system in Fig. 14(a) 
expressed in radians per second. 
(c) Longitudinal vibration of system in Fig. 14(b) 
= + M,’)]........... [3] 


expressed in radians per second. 

Section n-n in the test specimen is the nodal position of the 
vibration, which remains stationary during the vibration. If L 
is the length of the specimen between n-n and the mass /,, then 
Equation [1] applies to Fig. 14(b). 

Comparing Equations [1] and [3] 


= Equivalent fixed-end specimen 
D—Equations or Srress, Dynamic Moputi or E asticiry, 
VIBRATION-AMPLIFICATION Factor, AND DAMPING CAPACITIES 


The equations to be given are derived for the vibrating system, 
shown in Figs. 1 and 14(a). Identical equations apply to the 
horizontal setup of Figs. 2 and 14(b) if Z is considered the effec- 
tive length of specimen between the nodal section n-n and mass 


Dynamic Stress in Vibrating Specimen: 


1 Longitudinal (Direct) Stress: The total internal stress F, in 
the test specimen is caused by (a) the inertia force resulting from 
the vibration of the mass of the complete oscillator assembly and 
(b) the oscillator force F,, which leads the displacement by phase 
angle ¢. 
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Fic. 14 Tue Visratine Systems 
(a, Vertical arrangement; 6, horizontal arrangement. ) 


The internal force F, in the specimen is largest when the dis- 
placement ais a maximum. If the two forces mentioned are com- 
bined at this instant 


F, = M,aw*, + F, co8 [5] 
Therefore, the maximum unit direct stress is 
S, = F,/A = (M,aw’, + F, cos ¢)/A 


2 Torsional (Shear) Stress: By a derivation similar to that 
just given 


and S, = (1,6w*, + T, cos ¢)r/J........... [8] 


The computation of the dynamic shearing stress S, involves the 
equation S, = 7,r/J, which equation is subject to the inac- 
curacies discussed under “Fatigue Test.” 


Dynamic Modulus of Elasticity: 
E = S,L/a = (L/A) [M,w?, + (F, cos ¢)/a)....... {9} 
G= T, = S,L/r@ = (L/J) + (T, cos ¢)/8]. 
Vibration Amplification Factor: 
1 Longitudinal Vibrations: By definition: A, = F,/F, 
A, = (M,aw’, + F, cos ¢)/F, = (M,aw*,/F,) + cos ¢. . [11] 


When ¢ = 90 deg (resonance), A, becomes the resonance-amplifi- 
cation factor A,. At any other phase angle, the equivalent reso- 
nance-amplification factor at the same deflection a may be found 
from Equation [21], in which 


A, = A,/sin@ = [(M,aw?,/F,) + cos¢]/sing...... [12] 
2 Torsional Vibrations: 
A, = [(1,0w*,/T,) + cos¢]/sing........... [14] 
Damping Capacity: 
1 Longitudinal Vibrations: The work done by a sinusoidal 
force on a vibration of the same frequency is 


expressed in inch-pounds per cycle (7). 
Since this work is dissipated by hysteresis damping D, in the 
specimen 


W = sin ¢ = D,AL in-lb per cycle 
and D,e = {17] 


expressed in inch-pounds per cycle per cubic inch, where D, is 
the damping capacity associated with deflection a. 
2 Torsional Vibrations: 


D, = sin .. {18} 
expressed in inch-pounds per cycle per cubic inch. 
Specific Damping Capacity: 


- Energy dissipated per cycle by hysteresis damping 


Elastic strain energy at maximum stress 
1 Longitudinal Vibrations: 
va = (D,AL)/(F,a/2) 


Using Equation [17] 


ve = (2x sin ¢)/(F,/F,) = (2% sin $)/A,.... [19] 


where y, is the specific damping capacity at a stress associated 
with deflection a. 
At resonance, sin ¢ = 1 and A, becomes A,; hence 


Therefore, from Equations [19] and [20], for any given deflection 
a, the equivalent resonance-amplification factor is 


2 Torsional Vibrations: 


Logarithmic Decrement 6: 


If a vibrating system is isolated so that there are no extraneous 
energy losses or input, then each vibration will become succes- 
sively smaller. If X, and X(m+1) are the amplitudes of two 
successive vibrations, then by the definition of the logarithmic 
decrement 


(see reference 3). 

The relationships among the terms 4, y, and A, will be de- 
termined. 

By the definition of y given under “Specific Damping Capacity” 


= k(X,? — X2n+1)/kX,,? 
where k is a constant for a given specimen. 
= 1+ (Xn-1/Xn)? 
= 


and 
loge (Xn-1/Xq) = = '/2 loge (I—y¥) 
=1— 
= 1— [1 + 26 + (487/72) + ..... + (2"8"/n!)] 
vy = + 8? + (263/38) +... [25] 


Equation [25] may be simplified, the degree of simplification de- 
pending upon the magnitude of 6 


(error < 1 per cent if § < 0.01, as occurs in many metals). 


ve = (Qe sin [22] 
: 
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If 6 is large, as in the case of plastics, then the following more 
accurate equation is used: 


[27] 


{error < 1 per cent if 6 < 0.12, as occurs in most materials of 
construction). 

Equations [26] has been shown to apply to viscous damping 
(which differs considerably from hysteresis damping) with fair 
accuracy (7,8), but the foregoing equations are more general. 

To secure a relationship between A, and 4, either Equation 
[20] or [23] is substituted in Equations [26] and [27] as follows: 


(error < 1 per cent if 5< 0.01). 
(error < 1 per cent if 6 < 0.12). 
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Discussion 


W.N. Finney.’ The author has done some very interesting 
work with his ingenious oscillator. As a result of his tests, he 
reached the following conclusions: ‘For the plastics tested the 
dynamie modulus of elasticity under both direct and torsional 
stresses decreased as much as 40 per cent as the magnitude of the 
alternating stress increased; and “Since the dynamic modulus 
of elasticity may deviate considerably from the static modulus, 
most repeated constant-deflection types of fatigue machines do 
not give reliable results on plasties.’’ Likewise, a change in 
dynamic modulus was reported for metals but the change was 
relatively small compared to that for the plastics. In the opinion 
of the writer a change in ‘dynamic’’ modulus of plastics with 
stress does not necessarily mean that the results of tests with a 
repeated constant-deflection type machine would not be very 
valuable. The unusual character of some of the results re- 
ported in the paper prompted a study of the equations from 
which the “dynamic”? modulus of elasticity was computed. This 
study raised certain questions which lead the writer to wonder 
whether the equations warrant the conclusions stated. 

Indeed, unless such questions as those to be mentioned can be 
clarified, one must conclude that the stress in materials such as 
plastics under dynamic loading cannot be determined with any 
more certainty from an oscillator type of machine than from a 
repeated-constant-deflection type of machine, and that the same 
method of computing stress would have to be used with the 
oscillator as that used with the repeated-constant-deflection 
machine. 

Unfortunately, the author did not indicate the complete de- 
velopment of the equations or the source from which they were 
obtained, nor the limitations imposed on the solution for the 
different cases considered. 

A complete analysis of the motion of the hypocyelic oscillator 
as applied to torsion testing is full of complicating factors whose 
relative importance in the evaluation of the motion and calcula- 
tion of the modulus of elasticity is not easily determined. Some 
of these factors are the following: What is the effect of a non- 
linear hysteresis damping or a nonlinear stress-strain relation 
(such as may be the case for plastics) on the geometry of motion 
of the system? What is the effect of the gyroscopic action of the 
motor contained in the oscillator on the motion? What is the 
effect of turbulent-air damping, of the three-dimensional char- 
acter of the motion of the oscillating eccentric weights, etc.? 
While these questions have been raised in connection with tor- 
sion testing, many of them require consideration also for the axial 
machine, particularly when the amplitude of motion of the oscil- 
lating head of the machine is relatively large as in the case of 
tests of materials of low modulus such as plastics. 

Thus, it would seem unsafe to set down Equations [5] and [7] 
of the paper by inspection, as the author’s presentation seems to 
imply, because it is necessary to know what part damping and 
other factors may play in this relationship. This can be deter- 
mined with certainty only by a fundamental analysis beginning 
with the equation of motion of the system. 

The following discussion will not attempt to present a complete 
analysis of the system but merely to point out some of the diffi- 
culties involved in applying a torsion-pendulum type of machine 
to the cases considered by the author. 

The general equation of motion for a system with a single degree 
of freedom, such as a torsion pendulum, may be written as fol- 
lows 


8 A.sociate in Theoretical and Applied Mechanics, College of 
Engineering, University of Illinois, Urbana, Ill. Jun. A.S.M.E 


‘ 
i 


‘ 
4 
| 
( 
I 
i 
q 
J 
6 
f 
| t 
i 
7 
t 
r 
t 
i 
a t 
j 
| ‘ 
e 
4 
16 = —f(6, 6) + F(t) 


LAZAN—MECHANICAL PROPERTIES OF PLASTICS AND METALS UNDER SUSTAINED VIBRATIONS 99 


where J is the moment of inertia of the moving mass, exclusive of 
the small oscillating eccentric weights and neglecting the mass 
of the spring (or specimen); 6 is the angular acceleration of the 
mass at the time ¢; f(@, 6) is the relationship between the resist- 
ing torque of the spring and the angle of twist, the internal torque 
(including damping); F(t) is the applied torque (in this case it is 
the torque caused by the inertia force of the oscillating eccentric 
weights), expressed as a function of time. 

If the system is perfectly elastic f(@, 6) = k@ where k is a con- 
stant; and if F(é) is a simple harmonie function, such as 7’ sin at, 
then the solution for the steady state of vibration is of the form 
6 = A sin wt, where A is the amplitude of vibration and may be 
expressed in terms of the constants 7’, w, k, 7.2 Two other terms 
in the solution need not be considered for reasons given in the 
reference. If the torque-twist relation, f(@, 6), is expressible by 
an equation of the form f(@, 6) = ké@ + cé (the so-called viscous- 
damping case), and F(t) = P sin w7', as before, the solution for 
the steady state of vibration is of the form 6 = A’ sin (wt — ¢) 
where A’ is the amplitude of vibration and may be expressed in 
terms of 7’, w, k, J, 

It will be noticed that the oscillation, in the steady state, for 
both of these cases is simple harmonic. However, all other cases 
(the nonlinear type) for which the writer has seen solutions do 
not yield simple harmonic motion, ! 
is an exact solution known; 


In only two other cases 
the case of Coulomb damping 
f(@, 0) = +F, and the case of combined Coulomb and viscous 
damping, f(@, 6) = c# + F.'3 No exact solution for the general 
case of solid friction is known. 

Let us now examine by way of example the author’s Equa- 
tion [7] 

T, = + To cos 


This equation is correct for the case of “‘viscous damping,” as 
just described, when the disturbing force F(t) = T sin wt. It is 
one of a pair of simultaneous equations relating the variables 
6 and ¢ for the case of viscous friction. The other equation is 
To sin @ + cOw, where c is the constant appearing in the viscous- 
friction case.'* However, certain questions arise concerning 
the validity of this equation when used in connection with the 
problems considered by the author. 

In Equation [7] the angular acceleration used in computing the 
“inertia”? torque was @w9? which was correct if the motion of the os- 
cillator was simple harmonic, but is not necessarily correct for 
other types of motions. As mentioned, the only type of damping 
or hysteresis for which the motion is truly simple harmonic is the 
type for which the “viscous-damping”’ equation may be used. 
Thus in order to use Equation [7] with sufficient accuracy to 
compute the modulus of elasticity of the material, it would be 
necessary to show for every material tested either that the in- 
ternal damping is of the ‘‘viscous”’ type and all other damping is 
negligible, or that the acceleration at the maximum displacement 
is equal to that which would result from a sinusoidal motion of 
the same amplitude, and that no other terms would be required in 
Equation [7], even for the nonviscous type of damping. 

Of course a “dynamic modulus” or “pseudo modulus’”’ may be 
calculated by putting values in the equation even though the 
damping is not viscous in type but the result thus obtained from 


® “Vibration Problems in Engineering,’’ by 8. Timoshenko, second 
edition, D. Van Nostrand Co., New York, N. Y., 1937, p. 14. 

Tbid., p. 38. 

' Tbid., p. 57, and chapters 2 and 3. 

12 “Mechanical Vibrations,” by J. P. Den Hartog, first edition, Me- 
Graw-Hill Book Company, New York, N. Y., 1934, chapt. 8, pp. 
330-374. 

'8“Forced Vibrations With Combined Coulomb and Viscous 
Friction,” by J. P. Den Hartog, Trans. A.S.M.E., vol. 53, 1931, 
paper APM-53-9. 

4 Ref. 9, p. 43. 


an incorrect equation could not be expected to have any real 
significance in defining “the ratio of stress to strain effective 
during a vibration.” 

Perhaps the author has determined that all internal hysteresis 
may be represented by the viscous-damping type of equation, 
as just given, or that, regardless of the type of damping, the 
angular acceleration in question is equal to that which would ob- 
tain for viscous damping and that no other terms are required 
in Equation [7]. If this has been determined, the analysis 
leading to this conclusion would be a very valuable addition to 
the paper. Indeed a clarification of such points as this would be 
necessary if the results are to be taken without question. 

The author computes the shearing modulus from Equation [7] 
by multiplying by L/(J@) to get Equation [10]; that is, the 
modulus is computed from the equation for elastic torsion of a 
circular shaft, G = S,L/(J@). It is well known that this equa- 
tion is correct only under conditions for which stress is propor- 
tional to strain. If the dynamic stress-strain curve of some of 
the materials tested shows a well-defined hysteresis loop, as the 
author’s work and that of others indicate, then the relationship 
between stress and strain is continually changing at every posi- 
tion during the cycle of stress. If this be true Equation [10] 
could not be expected to yield reliable results. Indeed, if a 
hysteresis loop is present, there is some question as to what 
relationship, if any, there might be between the single value of 
G computed from Equation [10] and the “dynamic modulus” 
defined by the author as “the ratio of stress to strain effective 
during a vibration.” 

An examination of the data presented by the author indicates 
a possibility that the equation used in his computation of modulus 
may not have been applicable to some of the cases he considered. 
Fig. 7 of the paper, longitudinal vibrations of Dural, shows no 
change in modulus over a wide range of stress, while Fig. 6, 
torsional vibrations of the same material, shows about a 2 per 
cent drop in modulus over a much smaller range of stress. A 
possible explanation might be as follows: The amplitude of mo- 
tion of the oscillator body probably would be considerably 
greater in the torsion machine than in the longitudinal machine. 
Consequently the first term of Equation [7] would be of greater 
importance relative to the second term than the first term of 
Equation [5] relative to its second term. Hence, the effect of any 
deviation from simple harmonic motion would be more pro- 
nounced in the results of torsion tests than axial tests. Simi- 
larly this effect may explain the fact that a comparison of Figs. 
8 and 10 for plastics shows that the observed percentage change 
in modulus for plastics was about twice as great in the case of the 
torsion machine as in the axial machine, for comparable values of 
stress. 

A possible method of checking the validity of Equations [5] 
or [7] would be to perform tests, on each material, with different 
lengths of specimen, but at the same stress and same frequency. 
Thus all conditions would be constant except the amplitude of 
motion. If the method of calculation is correct the computed 
modulus should be the same for all lengths of specimens. 

It may be of interest to note that, in the use of the repeated- 
constant-deflection type of machine for fatigue tests of plasties,'5 
the writer has not observed a “‘temperature rise due to hysteresis 
damping . . . . large enough to mask all other effects caused by 
atmospheric conditions.” In tests of cellulose-acetate and 
phenolic molding material, the specimen temperature was not 
observed to rise more than 8 F for stresses up to the endurance 
limit of the acetate (about 20 per cent of the uitimate strength), 
or 11 F for the phenolic (about 60 per cent of the ultimate 
strength), at a speed of 1720 cycles per min in still air. 

In closing, the writer would like to ask whether e was intended 

Refer to author's Bibliography (16). 
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by the author to be the absolute amplitude or the amplitude rela- 
tive to the oscillator body? And was J, intended to include the 
mass of the eccentric weights or not? 


The methods and 


1¢ Research Assistant, Engineering Experiment Station, The Penn- 
sylvania State College, State College, Pa. 
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equipment developed by the author represent the work of several 
years, and constitute an important contribution to the science 
of materials testing. 

The writers have been using this equipment for the past year to 
determine the dynamic properties of some magnesium alloys, 
which tests are still in progress. It is on the basis of this experi- 
ence that they desire to make the following remarks: 

The testing machines described in the paper and shown in 
Figs. 1 and 2 can be advantageously used for fatigue tests of 
constant stress amplitude. When the material to be tested has 
stable dynamic properties, namely, its dynamic modulus and 
damping capacities are not affected by the repeated stresses, 
then advantage can be taken of resonance amplification, a very 
important characteristic in large-capacity testing. For materials 
having dynamic properties that are influenced by repeated stress 
cycles, a constant stress amplitude of the vibrating system is ob- 
tained by operating at speeds far below resonance, where the oscil- 
lator force is in phase with the displacement. The force in the 
specimen is then equal to that produced by the oscillator, which is 
of constant amplitude. 

The author explains in detail the use of the oscillator as a ma- 
chine to determine the dynamic moduli and damping capacity 
of materials under sustained vibrations. In Fig. 15 of this dis- 
cussion are shown test data on the damping capacity of solid 
magnesium rods’ in torsion, obtained by the writers by using the 
universal dynamic testing machine, Fig. 1 of the paper. These 
values were used to calculate the specific damping capacity y, 
plotted in Fig. 16 of this discussion. The scatter in this second 
group of curves is attributed to the simplifying assumptions made 

17 For the various magnesium alloys, refer to ‘‘Dowmetal Mag- 
nesium Alloys Handbook,’”’ The Dow Chemical Company, Midland, 
Mich., Oct., 1937. 
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in calculating y from the experimental data, and this will be 
further discussed later on. Also in Fig. 16 are plotted test data 
of a structural magnesium alloy known as Elektron metal, ob- 
tained by O. Féppl on his “rate of vibration decay” type of 
torsional damping machine.'* Since damping capacity is a 
highly sensitive property in which large discrepancies are pos- 
sible, the correlation indicates that the two types of machines 
vield results that are in agreement. Furthermore, the measuring 
of damping by sustained vibrations is a more direct method than 
the “rate of vibration decay” method, since in practice it is the 
properties of materials under repeated vibrations that are of 
greater importance. 

When it comes to measuring the effect of the number of cycles 
of repeated stress on the damping capacity and modulus of elas- 
ticity, the method described in the author’s paper is far superior 
to previously attempted techniques. Normally two machines 
have to be used for tests of this nature, as was done by O. Féppl!* 
in experiments on the variation of the damping capacity of steel 
with the number of stress cycles. 

The specimen was subjected to repeated loads on a fatigue ma- 
chine and was removed periodically to have its damping capacity 
measured on a decaying vibrations damping machine. The 
handling of the specimen back and forth from one machine to the 
other for every reading and the resulting difference in gripping 
were possible causes of error not present in the proposed machine, 
which performs all these functions on the same setup. 

Under item 2 of the section on “Dynamic Modulus of Elasticity” 
in the author’s paper, mention is made of the fact that materials 
possessing high damping capacity show a decrease in the dynamic 
modulus as the stress increases. Not only do the magnesium 
tests substantiate this, but they indicate a possibility of a correla- 
tion existing between these two inelastic properties of materials. 
In Fig. 17 of this discussion are plotted the dynamic moduli of 
rigidity of the three magnesium alloys whose damping capacities 
are shown in Figs. 15 and 16. Alloy M with the highest damping 
has the greatest decrease in modulus, while alloy O with the least 
damping has the least decrease in modulus with increasing stress. 

The equations in the Appendix of the author’s paper contain 
simplifying assumptions. These assumptions are justified for 
a large number of materials and for a wide range of stresses; but 
like all such assumptions they set a limit to the usable range of 
the formulas, beyond which the error introduced becomes sig- 
nificant. 

Equations [1] and [2] of the paper are two forms of the expres- 
sion for the natural frequency of a single-degree-of-freedom sys- 
tem, with no damping and with an elastic restoring foree pro- 
portional to the displacement. In the systems under considera- 
tion, these conditions are not rigorously attained, since damping 
is always present, and the stress-strain relations are not absolutely 
straight lines; i.e., the modulus is not constant over the whole 
range of stresses. As a result, the resonance curves obtained in 
practice are not symmetrical on both sides of resonance, but there is 
a slight shift of the peak toward lower frequencies, a well-known 
characteristic for vibrations of systems whose spring constant de- 
creases as the deflection increases.*° In addition, the displace- 
ment-time relationship deviates to a certain extent from a simple 
harmonic motion, rendering the first terms of Equations [5] and 
{7], and Equations [15] and [18] of the paper, slightly inexact. 
For example, in Equation [5], the acceleration at maximum dis- 


Diampfung der Werkstoffe,”” by O. Féppl, Zeitschrift des 
Vereines deutscher Ingenieur, vol. 74, 1930, pp. 1391-1394. 

19 “*The Practical Importance of the Damping Capacity of Metals, 
Especially Steels,” by O. Féppl, Journal of the Iron and Steel In- 
stitute, vol. 134, 1936, pp. 393-455. 

* “Vibration Problems in Engineering,’’ by 8S. Timoshenko, sec- 
ond edition, D. Van Nostrand Co., New York, N. Y., 1937, chapt. 2, 
p. 145, Fig. 93. 
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placement is taken as dwo*; also, in Equation [15], the work of 
the sinusoidal force is taken as raF'y sin ¢. These are only identi- 
cally true in case of simple harmonic motion. 

In the derivations of y, Equations [19] and [25], the elastic 
energy is taken as F,a/2 and KX?, respectively. In both of 
these cases, this energy represents the area under the secant 
line OA (see Fig. 18) and not the actual elastic energy which is 
the area under the load-deflection or stress-strain curve. 

Nevertheless, there is a justification for these simplifying as- 
sumptions. The true relations seem to be so complex that, even 
if available, their use would be too tedious. Furthermore, for 
most materials, and in particular for metals, the discrepancies 
introduced are probably of the order of magnitude of a fraction of 
1 per cent. For materials with relatively high damping capac- 
ity, and whose moduli decrease with stress, the higher the 
stress, the larger is the error due to the formulas. The writers 
have noticed in their tests that a possible way of estimating the 
magnitude of this error is by comparing two values either of 
damping or modulus, at the same stress, one above resonance, 
and the other below resonance. 

Concerning the magnesium alloys tested, it was found that the 
equations were satisfactory for nearly all the usable ranges of 
stresses of the alloys, even though magnesium is a metal with 
high damping, several times that of steel or aluminum. 

The author is to be congratulated on presenting such an out- 
standing and versatile paper. This new method of approach is 
welcomed by all those who have struggled with the problem of 
simplifying fatigue testing and experimental determination of 
dynamic characteristics of materials. 


AUTHOR’s CLOSURE 


In the process of condensing the paper to reasonable length, 
some of the more theoretical aspects of the equations defining 
near-resonant vibrations were omitted. Thus only the final 
form of the equations could be given in most cases; limited space 
prohibited a discussion of most of the assumptions and the con- 
sequent limitations of the solutions. However, the several in- 
quiries justify a more detailed consideration of the accuracy of 
the equations. 

Mr. Findley inquires about the exact meaning of several sym- 
bols and also wonders how the vibration of the oscillator body 
during a test affects the motion of the eccentrics and the resultant 
oscillator force. The following explanation will clarify several 
symbols and also show that the effective force produced by the ec- 
centrics of the oscillator is independent of the motion of the 
oscillator body during the forced vibration. Although the equa- 
tions are derived for the hypocyclic oscillator under longitudinal 
vibrations, similar expressions hold for the centrifugal-force 
oscillator, and the conclusions are valid for torsional vibrations. 

Before considering the nature of the true oscillator force, it is 
expedient to amplify Appendix B with the following definitions: 


Fo’ = true alternating force produced by oscillator due to 
absolute acceleration of oscillator eccentrics M (dis- 
tortions in motion of eccentrics M, due to vibration of 
oscillator body, are considered), lb 
Fy’ = maximum value or amplitude of true oscillator force 
Fo’, lb 

apparent alternating force produced by oscillator, due to 
acceleration of eccentrics M, relative to oscillator 
body (distortion in motion of eccentrics, due to vibra- 
tion of oscillator body, is neglected), Ib 

Fy = maximum value or amplitude of apparent oscillator 

force ,Fo, lb 
e = eccentricity or amplitude of motion of eccentric M if 
oscillator is stationary, in. 
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pitch radius of internal gear A (Fig. 3 of paper) of hypo- 
eyclic oscillator 
M)’ = mass of oscillator excluding eccentrics M, lb-sec? per in. 
My, = mass of oscillator, including eccentrics M 
= (M)’ + M), lb-sec? per in. 
moment of inertia of oscillator, including eccentrics M, 
lb-in-sec? 
true phase angle between rotating vector representing 
true oscillator force ,fo’ and rotating vector repre- 
senting oscillator vibration a (see Fig. 19 of this 
closure), deg 
= phase angle between rotating vector, representing 
apparent oscillator force ,f) and rotating vector, 
representing oscillator vibration a (see Fig. 19), deg 


ll 


The inertia force produced by a vibrating mass such as eccen- 
trics M is 


{30} 


where z is the position of the mass at any instant of time (see 
Fig. 19a). 

If the oscillator housing remains stationary during operation, 
and if the motor speed is constant, then 


(d2x/dt?) = d2(e sin wot)/dt? = —euy? sin wot 
Fo = —Mewo? sin wot... {31 ] 


and 


However, the oscillator housing is not stationary during a 
dynamic test as just assumed, but it vibrates. This vibration 
alters the path of motion of the eccentrics and, therefore, changes 
their acceleration and corresponding inertia forces, as will be 
discussed. 
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Fig. 19(a) represents the motion of the eccentric M of the hypo- 
cyclic oscillator in which M vibrates sinusoidally in straight path 
f-g-f-h-f of amplitude e relative to the oscillator housing. Simul- 
taneously, line n-n, the vertical diameter of internal gear A (Fig. 3 
of the paper), vibrates with amplitude a at the same frequency 
but at a lagging phase angle ¢. If the vibration a, of the oscil- 
lator housing is sinusoidal, an assumption which will be discussed 
later, the motions may be represented by the time-displacement 
diagram of Fig. 19(b), and the vector sum b is the absolute motion 
of eccentric M. The vibrations may also be represented by the 
vector diagram of Fig. 19(c) in which the horizontal projection of 
rotating vector OA, of length a, represents the motion of the 
oscillator housing, and the horizontal projection of vector OF, of 
length e, represents the vibration of eccentric M relative to the 
housing. Thus the absolute position x of the eccentric M at any 
instant of time is determined from the horizontal projection of 
the vector sum + of the two components of motion as follows 


= esin wol + asin (wot — ¢) 


If the foregoing equation is substituted in Equation [80] and 
simplified 


Fo! = —Muy? Ve? + Qae cos + a? sin (wot — a) 


where angle a is defined in Figs. 19(b and c). 

Thus ,F’ is the true, but not necessarily the effective, alternat- 
ing force produced by the oscillator, the maximum value or 
amplitude of which is 


Fo! = Muy? Ve? + 2ae cos +a? [33] 


If the ratio of a to e is very small, which is true in all cases of 
longitudinal vibration undertaken and in most cases of torsional 
vibration, then Equation [33] for the true oscillator force Fo’ 
practically equals Equation [32] for the apparent oscillator force 
Fy. Even if the ratio of a to e is not small the apparent oscillator 
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force Fy is still correctly used in the equations of the Appendix. 
The proof of this statement follows: 

The equations given in the Appendix generally involve the 
product of the oscillator force and a function of the phase angle, 
for example Fy sin ¢ or Fo cos ¢, rather than the oscillator force 
alone. It is therefore advisable to investigate the correctness of 
these functions rather than the correctness of the individual 
terms. 

Equation [15] of the paper will be considered first. The cor- 
rect expression for the work done should read 


W = sin ¢’ 
However, from Fig. 19(c) of this closure 


sin = BH/OB = e sin 6/Ve? + 2ae cos + a?... [34] 
By combining Equations [33] and [34] 
Fy’ sin = (Max? + 2ae cos @ + a?) 
(¢ sin + 2ae cos + a?) = (Mave) sin 
and using Equation [32] 


Thus the true oscillator force Fo’ (or torque 7'o’) multiplied by 
the sine of the true phase angle ¢’ equals the apparent oscillator 
force Fo (or torque 7’) multiplied by the sine of the apparent 
phase angle ¢. This simplification was used in Equation [15] 
of the paper and elsewhere, since it is easier to compute Fo and 
furthermore the oscillator phase-angle meter indicates the appar- 
ent phase angle rather than the true angle. 

It may similarly be shown that the function Fo cos ¢ was used 
correctly in Equation [5] of the paper and elsewhere. A more 
basie form of Equation [5] is 


F, = Mo'aw? + Fo’ cos ¢’ 
From Fig. 19(¢) 
cos @' = OH/OB = (a + ecos ¢)/ V ‘e? + Qae cos > + a?.. (36 | 
By combining Equations [36] and [33] 
Fy' cos = (Mey? Vv + 2ae cos + a?) (a + e cos 

+ 2ae cos ¢ + a? = Maw? + Fy cos ¢. . [37] 
However, My = My’ + M 
= + Maw? + Fo cos = + Fo cos 


Thus, the function Fy cos @ was correctly employed in the 
Appendix. 

Some of the complications in oscillator testing, mentioned by 
Mr. Findley, have more academic than practical importance. 
For example, the calculated value of the gyroscopic action of the 
motor during torsional vibrations of the hypocyclic oscillator is 
less than 0.1 lb-ft, and insignificant torque. Furthermore, the 
alternating gyroscopic torque occurs about a horizontal axis 
perpendicular to the motor shaft and no vibration about this 
axis could be detected during the tests. 

Similarly, the effect of turbulent air damping on the observed 
value of the dynamic modulus of elasticity is of little practical 
importance. In some tests, not reported in the paper, different 
frequencies were employed so that the “air friction’? and other 
effects could be determined by extrapolation, and no significant 
correction factor was observed. 

An important theoretical aspect of the problem of oscillator 
testing near resonance relates to the nature of the hysteresis- 


damped vibration. Unfortunately an exact solution to this prob- 
lem apparently has not been developed, and its development is 
beyond the scope of the paper. However, the situation is not as 
pessimistic as Mr. Findley pictures it; by utilizing simple, un- 
damped vibration theory and extensions thereof, rather than the 
éxact and probably complex theory, oscillator testing can still 
yield valuable data of sufficient accuracy for most engineering 
applications. Stated differently, the basic force, Equations [5] 
and [7] of the paper, which are exact for the undamped vibra- 
tion, are sufficiently accurate for the hysteresis-damped vibration, 
as will be discussed. 

First the character of hysteresis damping should be understood. 
Unlike other types of damping, such as viscous or Coulomb, no 
definite damping force is associated with hysteresis damping. 
Rather, the logical concept for hysteresis damping is one of 
energy absorbed per cycle of vibration by virtue of noncoinci- 
dence of the upward and downward branch of the load-deflection 
curve. Consequently, no damping force should appear in Equa- 
tions [5] and [7]. 

The correctness of the oscillator-force term of Equations [5] 
and [7] has already been discussed. 

All that remains therefore as a possible source of significant 
error is in the term designating the inertia force resulting from 
the vibration of the mass (or moment of inertia) of the complete 
oscillator assembly. In this term the concept that force is the 
product of the mass (or moment of inertia) and the acceleration, is 
exact; however, the acceleration awe? (or @w?) is exact only for 
sinusoidal vibrations, as pointed out by the discussers. The 
proximity of the hysteresis-damped vibration to a sine wave was 
partially investigated, when the research project was first begun, 
by observing experimentally the oscillator displacement as a func- 
tion of phase angle and a close approximation to a sine wave was 
indicated for the materials tested. 

Mr. Findley has suggested that a possible method of checking 
the validity of Equations [5] and [7] for a given material is to run 
tests at the same stress and at the same frequency, but at different 
lengths of specimens and, therefore, different amplitudes of vibra- 
tion. Essentially, this procedure amounts to changing the rela- 
tive magnitude of the two terms of Equations [5] and [7] without 
changing theirsum. The same change in relative magnitude was 
accomplished in most of the tests reported by changing the mass 
(or moment of inertia) of the vibrating oscillator and conse- 
quently changing the phase angle. In spite of the wide range of 
phase angles utilized the moduli of elasticity calculated essen- 
tially to the same value for a given stress, which indicates the 
validity of the Equations [5] and [7]. 

Several questions were raised relative to the simplicity of fa- 
tigue testing by the oscillator method. It should be pointed out 
that if only fatigue data on small or medium specimens are de- 
sired it is simpler to operate the oscillator-vibrating system far 
below resonance. If the oscillator frequency is less than one- 
tenth of the natural frequency of the system, then the first term 
of the dynamic stress Equations [5] and [7] is less than one per 
cent of the total; also the cosine of the phase angle is unity, and 
thus the alternating force on the specimen practica!ly equals 
the oscillator force. Therefore, the test procedure during a be- 
low-resonance fatigue test is merely to set the oscillator force at a 
predetermined value and start the vibrations; no further readings 
of force or amplitude and no further adjustments are necessary. 

Before closing, several miscellaneous comments raised by the 
discussers should be answered. 

In the fourth paragraph of the paper, under ‘“The Fatigue Test,” 
the author agrees with Mr. Findley that the repeated-constant- 
deflection type of fatigue machine, such as the Krouse machine, 
may give valuable data, but that such data should not be stated 
in terms of stress. 
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The author also agrees with Mr. Findley, in the sixth para- 
graph under ‘‘The Fatigue Test,’’ and elsewhere, that the equa- 
tions of torsion of solid shafts are exact only for perfectly elastic 
materials. In fact, many tests were run on tubes in order to 
increase the accuracies of the torsion equations. 

The author cannot agree with Mr. Findley’s reason why the 
dynamic modulus decreases more rapidly under increasing 
torsional stress than under increasing direct stress. It should be 
observed that, contrary to Mr. Findley’s assertion, the relative 
magnitude of the two terms in Equation [5] approximately 
equals the relative magnitude of the two terms in Equation [7] 
for a given phase angle; the amplitude of vibration may be 
larger in the torsional case but the frequency is correspondingly 
smaller. 

The reason for the scatter in the data on the Duralumin speci- 
men is that the use of a small gage length in this particular test 
did not permit accurate measurement of the amplitude of vibra- 
tion. Certainly, for a material with as low a damping capacity as 
Duralumin, the deviation of the load-deflection curve from a 
straight line is only a fraction of 1 per cent. 

The fact that the observed percentage change in modulus for 
plastics was about twice as great in torsion as in direct stress for 
comparable values of stress does not imply inconsistency in the 
equation employed. Rather, since the torsional fatigue limit of 
most materials is much less than the direct-stress fatigue limit, 
and since a decreasing modulus may possibly be associated with 
the inelastic action that causes fatigue failure, the larger decrease 
in modulus for the torsional case appears logical. 

Mr. Findley, in discussing the significance of the temperature 
rise which occurs during a fatigue test of plastics, states that he 
has observed a maximum increase of only 11 deg at stresses up to 
the endurance limit. However, in determining the fatigue 
strengths corresponding to a fairly low number of stress cycles he 
found*! temperature increases as high as 28 deg. Furthermore, 
Mr. Findley used a machine similar to the Krouse type in which 
very few fibers of the flexed plate received the maximum stress. 
Thus, the temperature increase would normally be less than in a 

21 See reference (16) in the Bibliography at the end of the paper. 
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direct-stress (or torsional) type of fatigue test in which all (or a 
significant portion) of the fibers are subjected to the maximum 
alternating stress. 

Messrs. Yorgiadis and Kutsay have presented some very sig- 
nificant data on the damping capacity of magnesium alloys which 
should be of value in the controversy of magnesium versus 
aluminum in aircraft construction. If the data of Fig. 16 of the 
discussion are recalculated by means of Equation [23], the aver- 
age resonance-amplification factor for the magnesium at stresses 
near the endurance limit is about 45, whereas the resonance- 
amplification factor for Duralumin of Fig. 6 of the paper is about 
100 at its endurance limit. This superior damping capacity of 
magnesium is of great significance in aircraft parts subjected to 
steady or transient resonant vibrations. 

The nonsymmetrical resonant curves, caused by the nonlinear 
load-deflection curve of the test specimen, may be observed to a 
slight degree in Fig. 4 of the paper. This nonsymmetry was more 
pronounced in plastics and other materials of high damping 
capacity, which agrees with the observations of Messrs. Yorgiadis 
and Kutsay. 

In discussing equations which involve the elastic energy in the 
specimen, Messrs. Yorgiadis and Kutsay distinguish between the 
area under the curve OA of Fig. 18 and the area under the straight 
line OA. However, the elastic energy that should be used ap- 
pears to be a matter of definition: (a) should it be the work done 
in stressing the specimen up to point A (proportional to the area 
under curve OA); or (b) should it be the energy released by the 
specimen when the load A is removed (proportional to the area 
under the downward branch of the load-deflection curve, which 
would probably lie below straight line OA): or (c) should it be 
some average of these two energies just mentioned (which may be 
proportional to the area under the straight line OA)? Al- 
though it is customary in many problems to define the elastic 
energy in a stressed specimen by (b), the definition (c) was em- 
ployed in this paper for reasons of simplicity. 

The author is very grateful to the discussers for their aid in 
clarifying certain aspects of the problem of near-resonant vibra- 
tion. 
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Elastic Properties of Curved Tubes 


By IRWIN VIGNESS,' WASHINGTON, D. C. 


A theory of flexibility of pipe bends perpendicular to 
the plane of the bend has been established. Experi- 
mental results are given in this paper verifying the de- 
rived bending equations. Results show the pipes to be 
more flexible than expected from the application of the 
“rod” theory. A flexibility factor is obtained which is 
identical with that found for the bending of pipe in the 
plane of its bend. The increased flexibility is caused by 
a distortion of the cross section of the pipe. There is no 
change in the torsional rigidity of the curved tube as 
compared with the rod theory. Transverse stresses 
similar to those caused by bending in the plane of the 
bend are set up in the pipe wall. Longitudinal stresses 
are concentrated at their point of maximum value and 
are of greater magnitude than expected from ordinary 
theory. The theory of bending of two-dimensional pipe 
systems in the plane of their bends is given additional 
experimental verification. 


NOMENCLATURE 


The nomenclature used in the paper and in Appendix | is as 
follows: 


E =modulus of elasticity 
I = cross-sectional moment of inertia of a tube with respect 
to a diameter 
p = radius of curvature, in a plane perpendicular to a plane 
containing the tube bend, caused by an applied bend- 
ing moment 
tR 
t = wall thickness 
R = radius of curvature of tube bend 
= mean radius of tube 
K = rigidity factor 
M, = bending moment according to bar theory 
M = bending moment 


> 


w, = change of tube radius 
@ = angular distance separating «a radius of the tube cross 
section which is under consideration from a radius 
that is perpendicular to the plane of the tube bend 
S, longitudinal stress 


B = longitudinal-stress multiplication factor 
= transverse stress 
transverse-stress multiplication factor 


| 


INTRODUCTION 


It has long been known that tube bends may be more flexible 
in the plane of the bend than similarly bent rods of the same 
cross-sectional moments of inertia. Th. von Karman (1)? and 
Hovgaard (2) have developed a theoretical explanation for this 
effect. Experimental work (2, 3, 4, 5) is in fair agreement with 


' Naval Research Laboratory, Anacostia Station. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Power Division and presented at the Fall 
Meeting, Rochester, N. Y., October 12-14, 1942, of THe AMERICAN 
SocrETy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


their theory. Differences which have occurred are attributable 
to lack of knowledge of the moments and forces applied at the 
ends of the pipe. 

For three-dimensional pipe systems, arrangements of piping 
can be devised in which the measured strains and end reactions 
are not in reasonable agreement with theoretical results. The 
differences can easily be between 50 and 100 per cent (4), as will 
be demonstrated later in this paper. For most systems, as en- 
countered in practice, the difference between theoretical and ex- 
perimental results is about 15 to 25 per cent (4, 6, 7),3 and much of 
this difference can be attributed to lack of rigidity of the measur- 
ing apparatus. 

The importance of the discrepancy between measured and cal- 
culated end reactions should not be minimized because of the 
small differences encountered in most practical cases. The 
reasons the differences are small are that the increased flexibility 
occurs only in bends and only because of forces and moments 
acting perpendicular to the bends. This flexibility is usually but 
a small component of the total involved in the bending of the pipe, 
and can, for some systems, be changed by a factor of perhaps 100 
per cent without greatly affecting the end reactions. If the pipe 
is more flexible than is accounted for by ordinary theory, there 
must be a different stress distribution within the pipe wall from 
that which is assumed by ordinary theory. A possible concen- 
tration of stress may occur. This concentration of stress may be 
as important in pipe systems having small differences between 
the theoretical and experimental values of end reactions as in 
those having large differences. 


Discussion OF PrincipLes THat Cause INCREASED FLEXIBILITY 
or CurvVEeD TUBES oR BEAMS 


Cross-Sectional Deformation Theory of Bending. It is generally 
assumed in calculations that curved tubes, when bent by forces or 
moments acting perpendicular to the plane of the bend, have the 
same flexibility properties as similarly bent rods having the same 
cross-sectional moments of inertia as the tubes. It will be shown 
that this is not a permissible assumption. Neither the bending 
properties of the tube nor the distribution of stress within the 
walls of the tube agree with those calculated, or assumed, in rod 
theory. 

A general cross-sectional deformation theory of bending is pro- 
posed which is a generalization of the cases developed by von 
Karman (1), Hovgaard (2) and Timoshenko (8), for bending in 
the plane of the bend, and of the case of bending a tube perpen- 
dicular to the plane of its bend, as is developed in this paper. 
This theory states that curved beams of any cross section are 
more flexible to bending than would be calculated by ordinary bar 
theory. The increase of flexibility depends, among other things, 
on the shape and ease of deformation of the beam cross section. 
When the forces required to distort the cross section are large, 
the difference between an accurate theory and ordinary bar 
theory becomes negligible. However, when the forces required 
to distort the cross section are small, bar theory may not be a 
sufficiently good approximation. This is the case for thin-walled 
curved tubes. In general this is the case for thin-walled curved 


3 Particular attention should be given to a discussion of the paper 
of Hill (6) by Rossheim, Markl, and Andrews (7), in which is 
stated that the resultant forces or moments, rather than their com- 
ponents, are preferable as a basis of comparison. This avoids placing 
undue emphasis on the smaller components. 


105 


4 
j 
i 
= 
{ bs 
4 4s 
5 4 
i | 
<4 
th, 


106 TRANSACTIONS OF THE AS.M.E. FEBRUARY, 1943 
5 ea it to others. As all of the filaments that make up the beam tend bi 
\ / so ys’ to relieve themselves in the same manner, the beam will always Kk , 
bend more than is predicted by ordinary theory. 
The change of longitudinal-stress distribution due to the shift- 
+ rae ; ing of the filaments along ? cannot easily be predicted from gen- 
re eral considerations. Transverse stresses that cause the defor- 5 
¢ mation of the cross section are always introduced. , 
Fig. 2(a) shows the manner in which the cross section of a pipe : 
at a bend will distort when acted upon by a moment that tends ‘ 
silica to decrease the radius of curvature of the pipe bend. The solid 6 
circular line represents the cross section before stress, and the . 
dotted oval line shows the section after deformation. Center ‘ 
/ line AA’ is contained in the neutral plane. There is a longitu- P z 
o dinal tensile stress in the upper half AB’A’, hence the filaments a t 
(see Fig. 1) will be forced toward the center of curvature of the 4 . 
Pee all pipe bend as illustrated by the arrows. The lower section of the 
Fig. 1 BeEnpInG oF a Section oF 4 CurRvED BEAM pipe is under longitudinal compression; therefore the filaments will " 
(a) Plane section of a curved beam. Radius of curvature of a centerline — he forced away from the center of curvature of the pipe bend. 
is R; ss’ and tt’ are filaments of the beam that run parallel with its central + ‘ fs 
i axis. The filaments subtend a small angle ¥. ; Fig. 2(b) represents the same cross section of the pipe bend. A : 
(b) Forces acting on filament ss’; FR is a component of force acting in moment is applied that acts perpendicular to the plane of the ; 9 
(c) An exaggerated view of the displacement of ss’. Values are valid — hend so that compressional longitudinal stress occurs on the side ; ’ 
only for small values of ¥ and Ay. i 4 r 
BA'B’ and tension on the opposite side. Center line BB’ is 4 y 
contained in the neutral plane. The cross section is circular be- 
Y Y fore the application of stress. After the application of stress it 4 | 
> assumes a shape as represented by the dotted oval, the major i T 
“oe axes of which are 45 deg to the plane containing the pipe bend. ; 
i V*\A The physical picture given would tend to show that a curved : 
beam will be more flexible than indicated by the rod theory for 
bending in any plane. However, for torsional stress, for the 
x ’ 4 case just considered, there is no resultant longitudinal force, i 
LS and the torsional rigidity of a curved tube is, therefore, the same 
as that calculated by the rod theory. : 
z 6 PRELIMINARY EXPERIMENTS 
‘ ' & The contribution of any component part of a three-dimensional | 
: piping system to the flexibility properties of the whole system ; r 
: may not be large, and the bending of this part by but one com- i 
ponent of a bending moment may be yet smaller. Therefore, if 4 
only the pipe bends were affected, and if only their bending, ‘ 
ae Seo ae Se caused by one component of bending, were in error, an error of i 
Q- si considerable magnitude could be made in the calculation of the | 
Fic. 2 DEFORMATION OF THE Cross SECTION OF A Pipe aT A Bend flexibility of some components of the pipe without greatly affect- ' 
veal Rapius & ing its over-all flexibility properties. If such were the case and i 
end reactions were the only consideration, an error, or a poorly 
plane of the bend and causes longitudinal compression on the side BA’B’.) approximate theory, would be permissible. If, however, the 
: ; theory approximation neglects cross-sectional deformation, it 4 
beams of any cross-sectional shape, although the geometry of | ajso neglects possible concentrations of stress within the walls 
the cross section is an important parameter. It should be of the pipe. This may be an important consideration, cs 
4 emphasized that the strength of such a beam may be consid- > 
erably less (8) than expected from bar theory. 
os The physics involved in the bending of a section of a curved : 4 4 tt 
beam can be visualized by considering a small section of a curved +4 cata : pe 
beam, having a radius of curvature R, and subtending a small if / a r fo 
angle y, as shown in Fig. 1(a). The shape of the cross section . in 
of the beam need not be considered. A filament ss’ is chosen r 
which runs parallel with the central axis of the beam. If the ; : 
beam is stressed, so that the filament is caused to have either a z , 
tensile or a compressive stress, the filament will have a component ; = 
of force, Fig. 1(b), along the radius of curvature R. This com- i 
ponent of force will cause the filament to move a distance Ay 
5 along R. A filament tt’ is separated from ss’ by a distance Pa ni 
? Ay along R and subtends the same angle as ss’. The difference wn | 
~ of length of tt’ and ss’ is then Ayy (for small values of y and Ay), Fig. 3 Pire or Rop No, 40 ; P 
as shown in Fig. 1(c). However, if filament se’ should be forced (Regd putside diameter of pipe, 
8 to position tt’, by a tensile stress as shown in Fig. 1(b), the excess @, and N are directed along the z, y, and z axes, respective Y. Displace PS “ 
length Ayy will relieve -he strain on this filament and distribute ""{raveling microscopes plane containing these points also contains 
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A pipe and a similar rod, Fig. 3, were constructed so that, by 
means of a suitable application of forces at its ends, the effect of 
different flexibility components could be observed without being 
masked by general flexibility properties. The fixed end of the 
pipe, or rod, was clamped rigidly to a heavy steel bedplate. 
The section of the pipe end contained within the clamp was 
plugged with a tightly fitting steel rod that just penetrated to the 
end of the clamp support, which was the theoretical fixed end of 
the pipe. The free end of the pipe or rod, h, was acted upon by 
suitable forces and the displacements were observed by means of 
a traveling microscope. In order that the angular displacements 
might be determined, projections were fastened on an extension 
of the free end and their movements along the co-ordinate direc- 
tions were observed. The calculated values of displacements and 
rotations of point / were determined by the method of Karelitz 
and Marchant (9). A rigidity factor K = 0.493 was used for 
bending of the pipe in the plane of the bend. 

Tables 1 and 2 provide a comparison between measured and 
calculated values of displacements and rotations of point h. 
Terms Ax, Ay, and Az, gyz, zz, and @ry are translations and 
rotations, respectively, in the indicated co-ordinate direction or 
plane. The displacement of the free end of the pipe, or rod, is 
caused by a co-ordinate force P, Q, or N. 


TABLE 1 END DISPLACEMENTS OF PIPE NO. 40, CAUSED BY 
FORCES APPLIED AT END OF PIPE 

—Displacement in inches or radians——. __ Difference, 

Force Type Measured Calculated Difference per cent 
P =1)b 0.002865 0.001820 +0.001045 +57.4 
Q=N=0 ory 0.002480 0.001515 +0.000965 +63.7 
Ar 0.06001 0.03737 +0.02264 +60.6 
0.00305 0.003268 —0.000218 — 6.7 
Nz=zwP2#0 Ay 0.03626 0.03706 .00080 — 2.2 
Az 0.03129 0.03328 —0.00199 — 5.9 
N eyz 0.00265 0.00285 —).00020 — 7.0 
P =Q=0 Ay 0.0304 0.03320 —).0028 - 8.4 
Az 0.0272 0.03010 ~0. 0029 - 9.6 

rABLE 2) END DISPLACEMENTS OF ROD NO. 40, CAUSED BY 


FORCES APPLIED AT ONE END 


—Displacement in inches or radians——-. Difference, 


Force Type Measured Calculated Difference per cent 
P=1 0.002825 0.002882 —0.000057 —2.0 
Q=N=0 ory 0.002427 0.002397 +0.000030 +1.3 

Ax 0.06065 0.0592 +0.00145 +2.5 
Q=1 oyz 0.00269 0.002655 +0.000045 +1.7 
P=N#Q Ay 0.0313 0.0305 +0.0008 +2.6 
Az 0.0282 0.0274 +0.0008 +2.9 
V=1 éyz 0.002320 0.002318 +0.000002 +0.1 
P=Q=0 Ay 0.0275 0.0274 +0.001 +0.4 
Az 0.02493 0.02495 —0 .00002 —0.1 


For bending of the pipe in the plane of the bend, which is 
caused by forces Q and N, the agreement between measured and 
calculated values is good. The differences, less than 10 per cent, 
can be accounted for by the uncertainty of pipe curvature near 
the numerous points of inflection. The curvature near these 
points must be greater than the assumed value of R, and there- 
fore, the pipe should be less flexible than calculated. For bend- 
ing perpendicular to the plane of the bend, due to force P, the 
pipe is about 60 per cent more flexible than calculated. This is 
far greater than any possible experimental error and can only be 
due to an error in calculation or incompleteness of the mathe- 
matical theory. 

The very good agreement between measured and calculated 
results for the rod indicates sufficiently good experimental tech- 
nique and also demonstrates that the mathematical theory ap- 
plied breaks down when used for tubing. 

The mathematical theory used assumes no cross-sectional dis- 
tortion for bending perpendicular to the plane of the bend. If 
such a distortion occurs and is the cause of the mathematical 
breakdown of the magnitude measured, it should be an easily 


measurable quantity. This was found to be so, and the distor- 
tion was similar to that shown in Fig. 2(5). 


THEORETICAL RESULTS 


The development of a theory which takes into account cross- 
sectional distortion for bending of curved tubes in a direction 
perpendicular to the plane of the bend is given in Appendix 1. 
The principal results obtained from this development are sum- 
marized in this section, 


(a) Rigidity Factor: 

“Bar’’ bending theory assumes that the stress, in a beam sub- 
jected to bending, is linearly proportional to the distance from the 
neutral axis. Curved tubes, or curved beams, with easily de- 
formable cross sections do not generally obey bar theory but are 
more flexible in the plane of the bend and perpendicular to the 
plane of the bend than would be predicted from such a theory. 
If tubes of circular cross section are considered, bar theory gives 
the moment resisting bending as 

p 


while the ‘“‘deformable-cross-section” theory or ‘tube’ theory 
gives the resisting moment as 


(12h? + 1) El 


(12h? + 10) p 
which defines a rigidity factor K as 
12h? + 1 
[3] 


The rigidity factor is identical to that derived by von Karman (1) 
and Hovgaard (2) for bending in the plane of the bend. It may 
now be applied generally to the flexural rigidity (bending rigidity) 
of tubes. The torsional rigidity is the same for bar theory and 
deformable-cross-section theory. 


(b) Cross-Sectional Deformation: 

The change of tube radius, due to a bending moment acting 

perpendicular to the plane of the bend is (Equation [56], Appen- 
dix 1) 

—12rRM sin 26 

ET (12h? + 1) 


It is this type of deformation that causes the transverse stress 
within the pipe walls. Quantitative experimental measurements 
will be made of this deformation rather than of the more diffi- 
cult measurements of transverse strain. A verification of either 
quantity would constitute a check of the theory of both. 


(c) Longitudinal Stress: 
The longitudinal stress for bending perpendicular to the plane 
of the bend is given by the equation 


4rM — 2) cos 6 + 3 cos? 


I 12h? + 1 


This is entirely different in form from what would be expected 
from the bar theory where, for bends of radii of several pipe diame- 
ters, the maximum longitudinal stress is 


The equation for longitudinal stress is maximum when @ is zero, 
and the maximum value of longitudinal stress is 


by 
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Si 


Mr +4) _ ,Mr 


where B is called the longitudinal-stress multiplication factor and 
is equal to 


_ +4 


It can be seen by inspection that this maximum stress is always 
greater than predicted by the bar theory and, for small values of 
h, it may be several times greater. 


(d) Transverse Stress: 


The transverse stress that occurs in the pipe wall, due to def- 
ormation of the pipe cross section, is of the same form (see Fig. 
10), whether the bending be in the plane, or perpendicular to the 
plane, that contains the pipe bend. The points of corresponding 
stress for the two directions of bending are separated by 45 deg 
on the circumference of the cross section. The transverse stress 
varies linearly in going through the wall of the pipe, from a maxi- 
mum on one surface to an equal and opposite maximum on the 
opposite surface. Its value at the wall surface is 


18h ) 
sin 20 | 
12h? +1 
(9] 
Mr. | 
= 7 — sin 
1 
which defines the transverse-stress multiplication factor‘ as 
18h 
128 +1 


(e) Torsion Caused by Bending in Plane Perpendicular to 
Plane of Bend: 

An examination of the qualitative representation of forces, 
causing the distortion of the cross section, as shown in Fig. 2(b), 
indicates that these forces cause a torsion stress tending to twist 
the pipe. It is shown in Appendix 1, Equations [53] to [55], that 
this torsional moment is 


per unit length of pipe. It is to be noted that this equation is in- 
dependent of the wall thickness of the pipe. 


EXPERIMENTS AND RESULTS 


The preliminary experiments have indicated an increased 
flexibility and a cross-sectional deformation of curved tubes 
when the tubes are bent in a direction perpendicular to a plane 
containing a section of the curved tube being considered. Theo- 
retical considerations have given a quantitative relation between 
the stresses, strains, and the geometry of the pipe system. Quanti- 
tative experimental determinations will now be given to check the 
theoretical results. These experiments fall into three classes: 


(a) A determination of the translations of a free end of a pipe, 
due to given applied forces and moments, when the opposite end 
of the pipe is fixed. 

(b) A determination of the change of pipe diameters in a 
curved section of pipe that is subjected to bending perpendicular 
to the plane of the bend. 

(c) A measurement of the longitudinal strain in a curved sec- 
tion of pipe that is subjected to bending perpendicular to the 
plane of the bend. 


4 Bibliography reference (11), p. 651. 
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Class (a) End Displacements. Pipe bends of 90 and 180 deg 
were constructed as shown in Fig. 4(a) and (b). The value of the 
rigidity factor K was adjusted by choosing a suitable combina- 
tion of radius of curvature and wall thickness. For unity rigidity 
factor arod was used. The tubes were 0.75 in. OD, and the radius 
of curvature for different tubes varied from about 2.25 in. to 6 in. 
The rods were about 0.5 in. diam and had curvatures of about 3 
to 6 in. The radius of curvature for a given rod or tube was 
constant throughout the bend within about 2 per cent which was 
considered the accuracy of measurement. 


A 
R 


Fic. 4 Tuse Benps OA, or Rapius oF CuRVATURE R, Fixep at O 


(A torsional moment is apniied at A. Term Az is the displacement per- 
pendicular to the plane of the bend. a is a 90-deg bend, and 6 is a 180- 
deg bend.) 


Displacements of the free end (point A of Fig. 45) of the 180- 
deg pipe bends due to a torsional moment are given in Table 3. 
The corresponding displacements were calculated by means of 
Equation [97], of Appendix 2, fora = ¢ = w. For tube theory, 
the appropriate value of the rigidity factor K was used. For 
rod theory the value of K was taken as unity. A similar tabula- 
tion for 90-deg pipe bends (Fig. 4a) is given in Table 4. 


TABLE 3_ DISPLACEMENT OF FREE END OF A 180-DEG PIPE 
BEND, PERPENDICULAR TO PLANE OF BEND, DUE TO A 
TORSIONAL MOMENT APPLIED AT FREE END 


Per cent difference between measured 


Displacements (mils and calculated values in terms of: 


Rigidity er in-lb) determined by: Measured value Calculated value 
factor, Measure- Bar Tube Bar Tube Bar Tube 
K ment theory theory’ theory theory theory theory 
0.492 0.3214 0.235 0.340 —26.9 +5.7 +36.7 —5.5 
0.520 0.289 0.211 0.314 27.0 8.55 37.0 8.0 
0.70 0.571 0.526 0.625 7.9 9.4 8.6 8.7 
1.00 0.370 0.366 0.366 1.1 


TABLE 4 a OF FREE END OF A 90-DEG BEND, 
PERPENDICULAR TO PLANE OF BEND, DUE TO A TORSIONAL 
MOMENT APPLIED AT FREE END 


Per cent difference between measured 


Displacements (mils per and calculated values in terms of: 


Rigidity in-lb) determined by: Measured value Calculated value 


factor, Measure- Bar Tube Bar Tube Bar Tube 

K ment theory theory theory theory theory theory 
0.364 0.0564 0.0185 0.0688 —67.2 +22.0 +205 —18.0 
0.625 0.0923 0.0541 0.0963 41.5 9.3 70.0 4.2 
0.678 0.1235 0.0784 0.361 21.3 10.2 34.0 9.2 
0.795 0.181 0.1392 0.196 27.0 8.3 37.0 aoe 
0.952 0.0412 0.0372 0.0401 4.8 10.7 
1.00 0.158 0.1582 0.1582 0.1 0.1 0.1 0.1 
1.00 0.0412 0.0411 0.0411 0.2 0.2 0.2 0.2 


Tables 3 and 4 show that the tubes are considerably more 
flexible than predicted by ordinary bar theory and slightly more 
rigid than calculated by tube theory. Both theories as applied 
to rods (K = 1) agree with experiment. The reason that the 


tubes are slightly more rigid than when calculated from the tube 
theory is accounted for by the prevention of distortion of the tube 
cross section at and near the ends of the bends by the adjoining 
straight sections, or by the clamp holding the fixed end of the 
tube. This effect is especially predominant for bends of short 
radius of curvature such as the first pipe (K = 0.364) of Table 4. 
The radius of curvature of this pipe was 2.25 in. 


The tube cross 
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section was held circular at the fixed end, at which point theory, 
for this case, assumes the distortion to be the greatest. As this 
distortion was partially prevented for some distance around the 
bend, the tube should be stiffer than indicated by tube theory 
(see Fig. 13). This is as indicated in Table 4. 

Percentage differences between theory and experiment are 
given in terms of both the measured value and of the theoretical 
values. As the deflections are usually calculated, the percent- 
ages in terms of the calculated values are most significant. For 
a comparison in terms of a common magnitude, the percentage 
differences in terms of the measured values are given. 

Fig. 7 provides a comparison between experimental and theo- 
retical values of the rigidity constant. The experimental values 
were obtained by solving Equation [97] of Appendix 2 for A 
and using the same and similar experimental data to that in- 
cluded in Tables 3 and 4. Again it is seen that the experimental 
rigidity constant is slightly higher than calculated because of the 
effects just mentioned. 

Class (b) Cross-Sectional Distortion. A pipe, having the 
shape and dimensions as shown in Fig. 5, was constructed. The 
pipe was contained in a single plane. One end of the pipe was 
fixed and the other end was acted upon by a force perpendicular 
to the plane containing the pipe. Changes of pipe diameter, 
caused by this force, were measured at different sections around 
the pipe bend. 

The diameter changes at points a, b, and c are given in Table 4. 
The applied force was 14.93 lb. Points a and b were chosen 
some distance from the tangents so that they would not interfere 
with the measured cross-sectional distortion. Calculated corre- 
sponding changes of diameter were obtained by use of Equation 
[4]. Only the maximum changes (for 6 = 45 deg) were consid- 
ered as the changes in diameter as a function of @ will be given 
later for a larger-diameter pipe. 


TABLE5 MEASURED AND CALCULATED MAXIMUM CHANGES 
OF PIPE DIAMETER FOR A CHANGE OF APPLIED STRESS AT Fa 


Bending moment, — Diameter change, in.—— 


Position in-lb Measured Calculated 
a 280 0.0048 0.0047 
b 267 0.0042 0.0045 
16.5 0.0009 0.0003 
2 Refer to Fig. 5. 
'N 
20 ! — 
c 
SF 
4 —a 
of 


Fig. 5 Pire No. 45 


(Radius of curvature = 3.1 in.; mean radius = 0.3578 in.; wall thickness = 
0.0365 in.; outside diameter = 0.752 in.) 


The accuracy of measurement of the diameter changes was 
about +0.5 mil. The results are in satisfactory quantitative 
agreement. It is evident from the small distortion at point c 
that the torsional component produces no deformation of the 
cross section, and that the flexibility increase is only due to the 
bending component of moment. It is interesting to note that 
the major and minor axes of the “ellipse” are shifted by 90 deg in 
passing through the point of zero bending moment near c. 

Pipe No. 45 was too small in diameter to permit accurate meas- 
urements of the change of diameter as a function of @. Pipe No. 
59 was set up as shown in Fig. 6. Fig. 11 illustrates the change 
of radius as a function of @ for a cross section in the pipe bend 
neara. The curve is a sine wave, the maximum value of which 
has been adjusted for best fit with the experimental points. The 


4-069 


Fic. 6 Pipe No. 59 
(Radius of curvature = 19.18 in.; mean radius = 2.662 in.; average wall 
thickness = 0.255 in.; average outside diameter = 5.58 in. Section OA is 
a quarter bend and AB isa tangent; AB is 67 in.) 
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Factor K 


experimental points fall closely on the sine curve which indicates 
that the single-term solution (Equation [40], Appendix 1) is 
sufficiently accurate. Additional terms added to this solution 
have been shown mathematically not to change the flexibility 
constant by more than 1 per cent for ordinary values of h. 

The cross section of pipe No. 59 had been flattened in the bend 
so that the diameter in the plane of the bend was about 0.4 in. 
shorter than its perpendicular diameter. This noncircular cross 
section and a nonuniformity of wall thickness were expected to 
cause variations between theoretical and experimental values. 
These appear more pronounced in measurements given later of 
longitudinal strain but in no case do they cause serious discrep- 
ancies. 

There is a distortion of the pipe cross section in the tangent 
adjacent to the bend. This is forced by the distortion of the cross 
section in the bend, and it tends to inhibit the distortion in the 
bend. As theory neglects this effect, the pipe system should be 
slightly more rigid than predicted by tube theory. No correction 
for this increased rigidity has been applied for bending in the 
plane of the bend, and experiments indicate that none is required 
for bending perpendicular to the plane of the bend. Fig. 7 
indicates the magnitude of the discrepancy caused by the in- 
hibition of cross-sectional distortion, and Fig. 13 shows how the 
distortion is prevented adjacent to the tangent. 

Fig. 10 illustrates the transverse stress which results from the 
cross-sectional distortion that has been shown to exist. For 
ductile materials the transverse stress can usually be neglected 
as the stresses are very localized.* The stresses pass from a posi- 
tive maximum to a negative maximum in going through the thick- 
ness of the pipe wall. 

Class (c) Longitudinal Stress. The longitudinal strain was 
measured, by means of a Tuckerman strain gage, on the surface 
of pipe No. 59 (see Fig. 6). For a cross section of the bend near 
A, values proportional to the measured strain values are shown in 


5 Bibliography reference (11), p. 652. 
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Fic. 8 LonGitupINaL-STREsS DISTRIBUTION IN WALL OF CURVED 
Pirz, FoR VARIOUS VALUES OF CAUSED BY BENDING PERPEN- 
DICULAR TO PLANE CONTAINING BEND 


T 


CURVE OB7A/NED FROM 
BAR THEORY 

CURVE OB7AINED 
FROM TUBE THEORY) 


EXPERIMENTAL 
CURVE 


Fie. 9 DIsTRIBUTION IN WALL oF CURVED 
Pipe, Cavusep BY BENDING PERPENDICULAR TO PLANE CONTAINING 
Pipe BEND 


(Tensile stress is shown to the right of the Y axis, compressive, 
to the left.) 
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Fic. 10 TRANSVERSE-STRESS DISTRIBUTION IN OUTSIDE WALL OF 
CurRvVED Piper, CAUSED BY BENDING PERPENDICULAR TO PLANE OF 
BEND 
(The stress curve for the pipe wall shown in the upper and lower right quad- 
rants is contained in the upper right and lower left quadrants, respectively. 
The closed circle and the dotted oval represent the pipe cross section before 
and after distortion.) 


Fig. 9. These are shown as the experimental curve. The 
average value of the experimental maximum stress (or strain) 
has been adjusted to agree with the corresponding theoretical 
value. The theoretical curve is for the same value of h that 
should apply to the experimental pipe. The difference between 
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Fic. 11) CHANGE oF Cross-SECTIONAL Pipe RapIus IN A BEND AS A 
FUNCTION OF Position AROUND CIRCUMFERENCE 

(The curve is a sine wave of a vertical scale best adjusted to fit the experi- 

mental points. The zero-deg diameter is perpendicular to the plane of the 
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CURVE FOR COMPUTING MAXIMUM LONGITUDINAL STRESS 
IN A CURVED PIPE 


Fic. 12) Maximum LONGITUDINAL-STRESS MULTIPLICATION FACTOR 
FOR BENDING PERPENDICULAR TO PLANE OF BEND 
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POSITION ALONG PIPE BEND (NCHE S$) 


Fic. 13° Maximum CHANGES IN DIAMETER OF PIPE ADJACENT TO 
JUNCTION OF PipE BEND AND TANGENT CAUSED BY BENDING PER- 
PENDICULAR TO PLANE OF BEND 


the two curves can be accounted for by the nonuniform wall 
thickness and noncircular cross section of the pipe. The stress 
distribution is quite similar for these two cases and unlike that 
expected from bar theory. A concentration of stress occurs at the 
maximum value. Near the neutral axes, the motion Ay (see 
Figs. 1 and 2b) more than compensates for the strain required for 
the bending and therefore causes the stress to become reversed in 
sign. 

Fig. 8 shows the theoretical longitudinal-stress distribution for 
several values of h for one quadrant of a pipe cross section. 
Maximum values of longitudinal stress are given in Fig. 12. 
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APPLICATION OF TUBE THEORY AND END-REACTION DETERMINA- 
TIONS FOR BENDING PERPENDICULAR TO PLANE OF BEND 


In piping, for purposes of calculation, the systems can be con- 
sidered in terms of their component sections. These sections are 
usually taken as plane quarter bends, tangents, or other simple 
geometric shapes. The Piping Handbook® considers piping sys- 
tems of quarter bends and tangents and determines the dis- 
placement, due to given forces and moments, of the free end of 
each of these parts when the opposite end is fixed. The theory 
developed in this report will cause changes in displacements as 
determined by handbook methods. Corrections which apply 
for the bending of pipe bends perpendicular to the plane of the 
bend will be given for quarter bends. These are the handbook 
cases Nos. 8, 9, and 10, and will be so numbered here. General 
solutions and flexibility properties of plane bends with a constant 
radius of curvature are given in Appendix 2. 

In the following cases a right-hand system of co-ordinates is 
used with its origin at the free end of the pipe. A displacement v 
of the pipe is in the y direction, which is perpendicular to the 
plane of the bend, and is positive when in the positive y direction 
(refer to Fig. 21 of Appendix 2). Rotations 8,, and y,, are in 
the planes indicated and are positive when their axes are along 
the positive directions of the z and x axes, respectively. Simi- 
larly, moments are positive when their axes are in a positive co- 
ordinate direction, and forces are positive when directed in the 
positive co-ordinate direction. 

The term C represents torsional rigidity and, for Poisson’s 
ratio equal to 0.30, the value of C is 


El 
1.3 
Case No. 8: 
A quarter bend is fixed at one end and is acted upon at the 


opposite end by a force P perpendicular to the plane of the bend, 
Fig. 14. 


x 
\ 
x 
| 


Fig. 14 QuarrerR BEND, Acted Upon By Force PERPENDICULAR TQ 
PLANE OF BEND 


PR? 0.7854 
(a) Bry EI E 79 K | 


Term 8,, is a rotation in a plane perpendicular to the free end 
of the bend. The direction of rotation causes a deflection of the 
free end in the direction of the force 


—PR*| 0.5 
(b) E + 


Term y,, is a rotation in a plane tangent to the free end of the 
bend and perpendicular to the plane of the bend. The direction 
of rotation causes a deflection of the free end in the direction of 
the force. 


The displacement 


PR 0.7854 
(c) v= EI | + 


* Bibliography reference (11), p. 676. 


is the total displacement and is in the direction of the applied 
force. 


Case No. 9: 


A quarter bend is fixed at one end and acted upon at the free 
end by a moment. The moment is contained in a plane per- 
pendicular to the plane of the bend and tangent to the pipe at its 
free end. 


(a) 8 MR} 0.5 0.65 
a = — 0.6: 
BLS 
Term 3,, is a rotation in a plane perpendicular to the free end 
0.5 
of the bend. For values of K > = the direction of rotation 
65 


causes a deflection of the free end to the right along the moment 


Fig. 15 Quarter Benp, Actep Upon By A BENDING MOMENT 
PERPENDICULAR TO PLANE OF BEND 


0.5 
arm, as shown in Fig. 15. For values of K < —— the direction 
5 
of rotation is reversed. 


(b) 
2 


Term 7¥,, is a rotation in a plane that is tangent to the pipe at 
its free end and that is perpendicular to the plane of the bend. 
The direction of rotation is in the same sense as the moment and 
is such as to give a deflection to the left along the moment arm, 
as shown in Fig. 15. 


(c) The displacement 


MR? 0.5 + 0.65 
EI K 


is the total deflection of the free end of the pipe and is to the left 
along the moment arm as shown. 


r= 


Case No. 10: 


A quarter bend is fixed at one end and is acted upon at the other 
end by a torsional moment. The moment is contained in a plane 
perpendicular to the free end of the bend, Fig. 16. 


Fic. 16 Quarter Benn, Actep Upon By A TORSIONAL MOMENT AT 
FREE Enp 
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.7854 
(a) + 1001 | 


EI K 


Term £,, is a rotation in a plane perpendicular to the free end 
of the pipe and in the same directional sense as the applied mo- 
ment, i.e., the deflection is to the left along the moment arm, 
as shown in Fig. 16. 


M,R| 0.5 


Term ¥,, is a rotation in a plane tangent to the free end of the 

pipe and perpendicular to the plane of the pipe bend. For values 
0.5 

of K> 0.65 the direction of rotation is such as to cause a deflec- 


tion of the free end to the right along the moment arm as shown. 


0.5 
For values of K < ae the direction of rotation is reversed. 


M,R? 0.7854 
(c) | | 


The displacement v is to the left along the moment arm as 
shown. The foregoing cases generate to those given in the Piping 
Handbook (11) when K is made unity. 


SUMMARY 


An experimental and theoretical investigation of the bending 
of pipe bends has been undertaken. It has been shown that for 
bending in the plane of the bend the present theory is adequate. 
However, for bending in a plane perpendicular to the plane of the 
bend, the present theory is not sufficient. A ‘cross-sectional def- 
ormation” theory or “‘tube”’ theory has been developed for bend- 
ing perpendicular to the plane of the bend. This theory can be 
considered as an extension of the tube theory ordinarily applied 
for bending in the plane of the bend. The same rigidity factor 
applies for either type of bending moment. Experiments indi- 
cate that the theory, as developed for bending perpendicular to 
the plane of the bend, is of about the same accuracy as for bending 
in the plane of the bend. 

A concentration of stress occurs in the walls of the pipe that 
should be taken into account in pipe design. The maximum 
value of longitudinal stress for bending perpendicular to the 
plane of the bend, as determined by tube theory, is always 
greater than that determined by rod theory, although the loca- 
tion of the position of maximum value is the same for both theo- 
ries. The maximum longitudinal stress for tube theory can 
be nearly 4 times that determined by rod theory (Fig. 5), but 
for usual piping systems this stress is about 1.3 to 1.5 times that 
determined by rod theory. The same consideration of transverse 
stresses should be taken for bending perpendicular to the plane 
of the bend as is taken for bending in the plane of the bend as 
the maximum value of stress is the same in either case. 
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Appendix 1 


BENDING OF Pipe BENDS PERPENDICULAR TO PLANE OF BEND 


It has been shown by von Kaérmén (1) and Hovgaard (2) that 
the bending of pipe bends, caused by moments acting in the plane 
of the bend, is accompanied by a deformation of the circular pipe 
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section. This deformation causes the pipe section to become 
elliptical (nearly) in shape, with the principal axes of the ellipse 
in the plane of the bend and perpendicular to the plane of the 
bend. The change of the cross-sectional moment of inertia, due 
to the deformation, is small but the increase of flexibility may be 
large. The increase of flexibility is caused by the deformation 
moving material that is under tension nearer to the center of 
curvature of the pipe bend, and by moving that which is under 
compression farther from the center of curvature of the pipe bend. 
This relieves the stress in the material in proportion to the dis- 
tance moved and causes a nonlinear distribution of stress as a 
function of distance from the neutral axes. 

When a moment, that acts perpendicular to a plane containing 
a pipe bend, is applied to the pipe bend, a similar deformation of 
the circular cross section of the pipe takes place. The oval 
formed in this case, however, has its principal axes at 45 deg to 
the plane containing the bend. The change of cross-sectional 
moment of inertia is small, although the increase of flexibility 
may be large. The explanation for the increase of flexibility 
and change of stress distribution is exactly as given in the pre- 
vious paragraph. 

In calculating stresses, strains, and end reactions of piping 
systems, only the rod theory has been applied for all piping con- 
figurations, except for bending curved pipes in the plane of their 
bend. There has been no report to the author’s knowledge re- 
garding the increased flexibility of pipe bends in a direction per- 
pendicular to the plane of the bend or in the change of stress dis- 
tribution in the pipe wall, as compared with rod theory. Equa- 
tions have been derived and experimentally verified by the use of 
small-scale pipe systems which give the rigidity factor and stress 
distribution for bending of pipes in a direction perpendicular to 
the plane of the bend. 

Fig. 17 shows a section of a pipe bend having a radius of cur- 
vature FR, length yR, wall thickness ¢, and mean pipe radius r. A 
right-handed rectangular co-ordinate system is taken with its 
origin at the center of the pipe, the y axis along the radius of cur- 
vature of the bend, and the z axis along the center line of the tube. 
Positive directions are those shown in the figure. A filament of 
the pipe wall ss’, parallel with the axes of the pipe, is shown in 
detail in Fig. 18. The angle 6, in Fig. 17, represents the angular 
distance of this filament from the z axis. 

Assume a longitudinal force, F, acting on filament ss’. If p 
is the force per unit area then 


As the filament is curved, there is a component of force fp, 
along the radius of curvature of the pipe bend. For small values 
of y 


Term p is positive when the filament is in tension and f’, is 
positive when in the positive direction of the y axis. 

A distortion of the pipe wall, due to f’z, will cause the filament 
to become displaced a distance Ay (Fig. 19) along the radius of 
curvature of the pipe bend. If the pipe is subjected to a bending 
stress in any plane such that filament ss’ is subjected to a longi- 
tudinal stress, the filament will move to position s,s,’ and the 
strain of the filament will be relieved by an amount 


where AL, might be termed an apparent elongation of the fila- 
ment, due to a displacement of the filament in the R direction. 
The length of the neutral axis subtending the angle y is 
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A plane perpendicular to the plane containing the pipe bend is 
shown in Fig. 20. The curved lines represent the pipe after it 
has been bent to a radius of curvature p by a moment acting per- 
pendicular to the plane of the bend. 


The length of the neutral axis subtending the same angle as the 
filament ss’ is 


If R and p are large compared with r and if the angles y and ® 
are small, one can equate Equations [15] and [16] to obtain 


If there were no shifting of position of ss’ along the radius of 
curvature of the pipe bend, the change of length of the filament 
in bending to radius of curvature p (Fig. 20) would be 
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_ < 


before 
strain 


= 
2 

PP’ = length of 
section of neutral 
axis = ss’. Thein- 
crease in length of 
ss’ 1s approximately 
313';—-s3' = xd 


Fic. 20 Section oF Pipe CONTAINING FILAMENT 8s’ WITH PLANE OF 
BEND PERPENDICULAR TO PAPER 


(Straight lines are projections of pipe before bending and curved lines 
are projections of section after bending to a radius of curvature p.) 


However, due to shifting the filament along R, the actual change 
of length will be 


or 


The change of length of the filament per unit length of the 
corresponding neutral axis is 


L, p R 
The stress on the filament is 
A 
p= Be= + (22 | 
p R 


where E is the modulus of elasticity. 


The radial force (along ) on the filament as found by combin- 
ing Equations [13] and [22] is 


df’, = —tEr (: + [23] 
Pp R 


If the radial force per unit length of pipe is taken, the relation 
VR = 1 must be satisfied and 


tEr (x Ay 
—)d0............ 24 


A procedure similar to that used by von Karman (1) will now 
be followed. Let w, be the radial displacement of the filament 
ss’ and w, be the tangential displacement, then 


dfp = 


Ay = w, cos 0 + w, sin 0............ [25] 
as 


x =rcosé 
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Equation [24] becomes 
1/rR 
«= R —cos@ + w,cosé?+ wu, sin@}....... [27 
p 


The tangential and radial displacements are related by the equa- 
tion 


= 0 (28) 


So Equation [27] can be written 


An equation giving the relation between the displacement Ay 
of the filament ss’ and the angle @ can be obtained by minimizing 
the potential energy due to the bending of a pipe section. The 
condition of bending considered will be that perpendicular to the 
plane of the pipe bend. The strain energy consists of two parts: 


(a) That caused by the deformation of the pipe cross section. 
(b) That caused by bending of the pipe. 


The fact that the pipe has a curvature perpendicular to the direc- 
tion of bending is not considered in part (5). 
The energy due to deformation of the pipe section is 


where 


is the moment of inertia of a section of the pipe wall of unit 


width and 
—EI, (dw, 


dt? 


is the moment acting on the pipe wall. 
Combine Equations [28], [30], and [32] to obtain 


Et dw, dw, \* 


The energy due to bending of the pipe is 


1 
2 Jo 


where p = force per unit area acting on a filament having 
cross-sectional area dA and causing an elongation e. 


Now 


and Equation [29] gives a value for e, so 
Et "(rR d 2 
Ve = (2 cos 8 + wy e050 — sina) dé. [37] 
0 p dé 


The total strain energy is 


7 Bibliography reference (10), p. 459. 
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Etr (oR dw,. .\* 
= OR? a cos 6 + w, cos sin 6 
2h? (d3w, du;,\? 
dé — — 


From physical considerations, it can be seen that the relation 
between w, and @ must be of the form 


If the first term of this series is used for an approximate solution 
one obtains 


w, = C cos 20........ 


... [40] 


This solution and its derivatives substituted in Equation [38}| 
give 


2 
V j 64+ C 20 + 2C sin 26 sin 6 
= COs cos 26 cos sin 26 sir 
2k? cos Ss 1 


RC? 


16 
12r4 


(8 sin 26 — 2 sin 2»anl .. [41] 


as (cos 26 cos@ = 2 cos* 6 — cos @) and (sin 2@ sin 6 = 2 cos 6 — 
2 cos? @) so 


V = sc) cos 9 26 eon | 


sin? 26 dé. . [42] 


which after integration becomes 


xEtr[(rR\? (rR Cc? 
(2) c+ 6 + 6%) [43] 


where 


To minimize the potential energy with respect to C let 


dV 3rR 
— = = — + (5+ [45] 
dC p 
or 
—rR 3 
so 
—rR 3 
= ig (; + =a) [47] 
( ) in 20 [48] 
w, = —— | —— }sin20............ 
5 4+ sin 
and 


+ 


) (cos 26 cos 6 + 2 sin 26 sin 6). . [49] 


The moment resisting bending of the pipe section is 


By the use of Equations [29], [35], and [36] one obtains 


i 


| 
| 
d 
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3 
M= cos 6 os (, (cos 26 cos 
5 + 6h? 
( 3 
p 0 5 + 6h? 
r3 9 
| (5) | 
p 10 + 12h? 


12h74+ 1] _ EI | 12h? + 1 (52 


The bar theory of bending gives 


+ 2 sin 2¢@ sin | do = 


(3 cos? 6 — 2 cos* = 


M = 


EI 
So Equation [52] becomes 
where 
12h? 1 


12h? + 10 


Term A is identical to the rigidity factor determined for bend- 
ing in the plane of the bend. 

If the value of p as determined from Equation [52] is used to 
eliminate p from Equation [48], the value 


—l12rRM sin 26 
= 
EI(12h? + 1) 


is obtained that gives the change of tube radius due to a bending 
moment acting perpendicular to the plane of the bend (refer to 
Fig. 11). 

The transverse stress that occurs in the pipe wall, due to the 
deformation of the pipe cross section, varies linearly from a 
maximum of one sign at the inner surface to a maximum of the 
opposite sign at the outer surface. The transverse stress on the 
surface of the pipe is 


Mil 57] 

2/; 

By the use of Equations [31], [82], and [56], one obtains 

—18hrM sin 20 Mr. 

S, = 1(12h2 =—y¥ 7 {58 ] 
18h 

59 
12h? + 1 [59] 


may be called the transverse-stress multiplication factor and is 
identical to that used for bending in the plane of the pipe bend. 
However, the points of maximum stress are separated by 45 deg 
for the two types of bending. 

The longitudinal stress 


can be determined in the following form by the use of Equations 


(27), [47], [48], and [52] 


Sr = 


— 2) cos @ + 3 cos? 6 
12h? + 1 
The maximum value of this stress always occurs at @ = 0 and is 
equal to 
g rM +4 


~ 7 +1 


s=5 ) (see Figs. 8, 9, and 12) .... [62] 


115 
An interesting minimum is observed for cos? 6 = (2 — 3h?)/9 
at which value the longitudinal stress is 


rM (2 — 318)" 
9] (12h? + 1) 


min > 


2 
For values of h? < 3 the value of stress reverses as the neutral 


2 
axis is approached. For values of h? = 3 there is no reversal or 


negative minimum (see Figs. 8 and 9). 
The twisting moment per unit length of pipe is 


My = ify = fy" cos 0 dfg......... [64] 


By Equation [24] and eliminating Ay and x one obtains 


tEr® 3 
cos 8 | cos — 5+ 6h? (cos 26 cos 


+ 2 sin 20 sin do... .{65] 


But this is Equation [51] divided by R so the twisting moment 
per unit length of pipe is 


Appendix 2 


DIsPLACEMENTS OF CURVED TUBE Bent Ont or Its PLANE 
oF CURVATURE BY MoMENTs ACTING AT ONE END 


Cross-sectional deformation theory will be applied to circularly 
bent tubes. The tubes are fixed at one end and the forces or 
moments are applied at the free end. Three cases will be con- 
sidered, when the action applied is: 

(a) A force perpendicular to the plane of curvature. The 
same procedure and nomenclature will be used as in the similar 
case for bars by Timoshenko (10). 

(b) A moment acting in a plane tangent to the free end of the 
bend and perpendicular to the plane of curvature of the bend. 

(c) A torsional moment acting in a plane perpendicular to the 
free end of the bend. 

Fig. 21 shows a circularly curved tube AB, fixed at A and 


Fic. 21 Pires AB or Constant Rapius or CurvaturE R Fixep 
AT A AND AcTEeD Upon By Force orn MomENT at B 


(The translations and rotation of a cross section at any point O are indicated 

y u, v, w, and f and y for directions along the z, y, z axes and rotations in 

the ry and yz planes, respectively. The initial position of the pipe is in the 
zz plane.) 


acted upon by a force or a moment at B. The radius of curva- 
ture of the tube is OD. For any tube cross section O, a system of 
rectangular co-ordinates is taken with its origin at the center of 
the tube at O, and with its z, y, and z axes directed along the 
radius of curvature, perpendicular to the plane of curvature, and 
along the tangent of the tube at O, respectively. The positive 
directions are as shown in the figure. Terms wu, v, and w, are dis- 
placements of the cross section in the respective co-ordinate 
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directions. Terms 8 and y are rotations of the cross section in the 
x,y and y,z planes. Positive values of rotations exist when the 
axes of rotation are in positive co-ordinate directions. Forces 
are positive when in a positive co-ordinate direction, and mo- 
ments are positive when their axes are in positive directions. 
Angle a is subtended by AB and ¢ by AO. 

Case (a). If 1/p and 1/R:2 are the radii of curvature of the tube 
at O in the y,z and 2z,z planes after deformation, and @ is the angle 
of twist per unit length, then if 1/2 is the initial radius of curva- 
ture of the tube, the following relations show the moments caus- 
ing the deformation 


EI 
[67] 
p 
1 1 
Tt can also be shown (10) that 
1 B 
[70] 
1 1 u 
R_ ds? (71) 
dg 1 dv 
Rae [72] 


If a force P is applied in a positive direction at B it is seen that 
M, = —PRsin (a—@).............. [74] 
(75) 
M, = PR(1 — cos (a — ¢)]............ 


If KEI is substituted for E/, and the foregoing equations solved 
as by Timoshenko (10), the value of displacement is 


v= Cc [@ — sin ¢ — sin a(1 — cos ¢)] 


cos — ¢) — sin ¢ c08 a)... [77] 


2 LKEI C 
and 
2 
[o—sin + sin (a—9)]— (78 | 
[1 — cos ¢ — sin a sing] 
PR? 1 1 
aa +3 | [cos (a — + ¢sin (a — ¢) 


Case (b). Ifamoment M with its axis directed along the radius 
of curvature in a positive direction be applied at B, the moment 
resulting at O will be 


= M ain fa — [82] 
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Combine these equations with Equations [67] through [72] and 
substitute for ET, to get 


KEI 
M cos (a — ¢) = R? E | [83 } 
C + v) 


—M sin (a — ¢) = Re rm 


Equation [84] can be integrated directly and if subjected to the 
conditions that when 


¢@ = Othen 8 = v = 0 


becomes 


2 
BR = [cos a — cos (a — ¢)] —v........ [85 


Substitute Equation [85] into [83] to eliminate BR 


MR? l 1 
—-+v=s — + cos (a — ¢).. [86] 


Integrate Equation [86] and require that when ¢ = 0 then v = 
dv 
0 and = 0. The displacement then is 


v= C cos COS @ KEI C sin (a@ 


The rotations of the cross section at O are 


B = — [cos a — cos [88 } 

+ C OS asin d sin (a —@ 
— ¢cos (a — ¢) — sina cos @]........ [89] 


Case (c). Ifa torsional moment M be applied at B so that its 
axis is tangent to the tube at B and directed away from A, then 
the moments resulting at O will be 


Again, as in case (b), by combining these equations with Equa- 
tions [67] through [72], the following equations are obtained 


M sin (a — ¢) (on [93 | 
M cos — 6) = (BR + 0) {94 | 


Integrate Equation [94] and impose conditions that when 


= Othen v = 8 = 0 to obtain 
2 
BR -“ [sin a — sin (a— ¢)] —v....... [95 } 


Eliminate 8R from Equation [93] by means of Equation [95] 


dv MR? 


2 
C sina— MR E Cc 


| 

F 
| a 
| 
I 
where ds is an increment of length along the axis of the tube and : 1 
7 

0 
| 4 n 

n 

\ 
n 
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Integrate Equation [96] and impose conditions that when 


dv 
= Othen » = Oand = 0 


The displacement of the cross section at 0 is 


MR? si MR? 1 1 lc 
sIn a + 2 + Sasin 
— cos (a — ¢)].......... [97 


and the rotations at 0 are 


MR 


. v 
= Cc [sin a — sin (a — ¢)] — R00" [98 } 
sil it : [cos a 
s — —}| — ‘ 
C la sin @ 2 KEI C OS a COS 
— cos (a — ¢) — ¢ sin (a — @¢)]........ [99] 


By setting a = ¢ = 3 in the solutions of v, 8, and y, the values 


are obtained for end deflections of quarter bends as applied to the 
Piping Handbook cases Nos. 8, 9, and 10, 
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Discussion 


Witiiam Hoveaarp.’ This paper brings the difficult problem 
of three-dimensional pipe bends one important step nearer to its 
complete solution. 

The writer has given considerable study to this problem and 


5 Professor Emeritus, Department of Naval Construction, Massa- 
chusetts Institute of Technology, Cambridge, Mass. Mem. A.S.M.E. 


in 1935 and 1937 read two papers®:!” before this Society giving an 
algebraical solution based on the theory of deflection by bending. 

In that solution account was taken of the effects of forces and 
couples acting normal to the plane of the bends, but in so doing 
the theory of the bending of solid curved rods was applied; the 
distorting effect on the tube section, with which this paper deals, 
was not included. 

Much attention was given to the determination of the relative 
importance of the terms in the expressions for rotation and dis- 
placement caused by bending of the pipe bends out of their plane. 
These terms, being apparently small, were referred to as “‘second- 
ary” terms. 

The papers *:!° were accompanied by a numerical calculation 
for a certain typical three-dimensional pipe system and, finally, 
elaborate calculations were carried out for the same system with 
various lengths of tangents, both for the case when the secondary 
terms were included and for the case when they were neglected. 
The results are presented in a table" giving the terminal reaction 
forces and couples. 

It was found from this and several other calculations that, in 
such pipe systems as ordinarily occur in the propulsive machinery 
of destroyers, the secondary terms for any length of tangents were 
so small that they could be neglected. 

Still the writer felt some doubt of the completeness of the solu- 
tion and in the concluding remarks to the discussion on his 
paper,'? he made the following statements:'” 

“The algebraic method is straightforward, and the only point 
which needs to be cleared up is the behavior of curved pipes when 
subject to forces and couples acting normal to their plane. ... 
the few tests which have been made so far on this problem do not 
seem to check with the formulas. It is desirable that more com- 
plete tests be made, ....” 

It is fortunate that this problem has now been taken up by the 
author, who has shown that the flexibility of bends perpendicular 
to their plane is greater than expected from the application of the 
“rod” theory, on account of distortion of the cross action of 
the pipe, not hitherto taken into account. 

The solution presented is very complete from the mathematical 
point of view, and is corroborated by some preliminary experi- 
ments. It does not seem quite clear, however, what the influence 
is quantitatively of the deformation of the pipe section pointed 
out by the author. 

It would be of great interest if a calculation in accordance with 
the author’s theory could be made for the pipe bend used in the 
numerical example of the writer’s papers,®:!° in which case the 
results could be compared with those given in the table referred 
to." 

The value of such a theoretical study would be much enhanced 
by an experimental test of the same pipe bend, the complete di- 
mensions of which are given in the writer’s first paper.® 

Unfortunately, the writer has not the time or facilities availa- 
ble for undertaking such work himself, but it is suggested as a 
suitable thesis for students in a technical university. 


Artuur McCourcuan.'* The author is to be commended both 
for his intelligent approach to the problem and for the realistic 
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manner in which he has fitted his findings into the general theory 
of flexibility of pipe bends. 

Ever since the tests described by Messrs. E. T. Cope and E. A. 
Wert!4 were made, the writer has sought a rational explanation 
for the greater flexibility of curved pipe acted on by forces and 
moments perpendicular to the plane of the bend. In discussing 
discrepancies between theory and results obtained on those tests, 
Dr. 8S. Timoshenko suggested that there must be some unknown 
“form factor” which would need to be applied to secure the de- 
sired agreement between test and theory. A test program was 
initiated by H. E. Mayrose under Dr. Timoshenko’s direction 
which substantiated the previously observed fact that the de- 
flections due to sidewise loading were greater than predicted by 
existing theory. The results of these tests were reported by Pro- 
fessor Mayrose in his discussion’ of a paper by Prof. Hovgaard.® 
Although Professor Mayrose suggested that the K factor used to 
correct for flattening of the cross section in formulas for two- 
dimensional pipe bends might be applied also to three-dimensional 
problems, he did not observe, nor attempt to measure, distortion 
of the pipe cross section when subjecting bends to sidewise load- 
ing. The fact that the tubes which he tested were small, 1 in. OD 
and less, may have served to obscure the flattening of the cross 
section at 45 deg to the plane of the bend. 

It would appear, therefore, that the author has made a real 
contribution to knowledge of the behavior of pipe bends through 
his discovery that flattening of the pipe cross section occurs under 
sidewise loading. 

Unfortunately, incorporating the AK factor in equations for 
sidewise loading further complicates the already involved prob- 
lem of determining the flexibility of piping lying in three planes. 
In order to appraise the effect of including the K factor in the 
equations for sidewise loading, the illustrative three-dimensional 
problem,'* given in the “Piping Handbook,” was recalculated. 
The resultant of the end reactions was found to be reduced by 
less than 3 per cent, when the so-called secondary rotations were 
neglected. However, the rotations in the complementary planes 
assume much greater values when the K factor is applied so this 
comparison is not a fair measure of the differences to be expected. 
For K = 0.5, the rotation in the plane perpendicular to the free 
end in Case 9 becomes !/; of the rotation in the plane tangent to 
the free end rather than '/,. as when K = 1. This secondary ro- 
tation increases with reduction in value of K, until for K = 0.1, 
the secondary rotation is approximately '/2 as great as the princi- 
pal rotation. The same changes take place in Case 10 where tor- 
sion acts on the end of a quarter bend. 

The relative magnitude of the rotations in planes perpendicular 
and tangent to the free end caused by a sidewise force, Case 8, 
is greatly affected by the value of K. For K = 1, the rotation in 
the plane perpendicular to the free end is approximately '/, as 
great as in the tangent plane, while for K = 0.1, the relations are 
reversed and the rotation in the plane perpendicular to the free 
end is 1.3 times the rotation in the plane tangent to the free end. 

In attempting to apply these changes to Cases 8, 9, and 10 
(Piping. Handbook), the writer has made the abscissas of the 
bending-moment diagrams in the graphoanalytical method equal 
to the algebraic sum of the coefficients of rotation in planes per- 
pendicular and tangent to the free end rather than to base them 
on rotation in the principal plane of action as at present. 

It would be helpful if the author would include an example 


14 “Toad-Deflection Relations for Large, Plain, Corrugated, and 
Creased Pipe Bends,” by E. T. Cope and E. A. Wert, Trans. A.S.M.E., 
vol. 54, 1932, FSP-54-12, pp. 115-143. 

18 Discussion by H. E. Mayrose, of ‘Stresses in Three Dimensional 
Pipe Bends” by William Hovgaard, Trans. A.S.M.E., vol. 58, 1936, 
pp. 395-397. 
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illustrating the application of the revised cases:to a three-dimen- 
sional problem. Two 60-in-radius ares of 12-in nominal diam 
1/.-in-wall pipe, disposed in planes at right angles to each other 
with no connecting straight pipe, would appear to be a good test 
case, since it would seem that two of the reacting forces should be 
in exact balance. 

In view of the results so far obtained by the writer there is some 
uncertainty as to just how the revised cases can be combined to 
best advantage to give a complete solution of a three-dimensional 
problem. If the author finds it possible to include a solution of 
such a three-dimensional problem in his closure it should prove 
most helpful. 


D. B. Rossuem!"™ anp A. R. C. Marku.'® This paper makes a 
valuable contribution to the understanding of thin curved tubes, 
and assumes particular significance in view of the excellent test 
data adduced in support of the theoretical development. That 
the flexibility and stress-intensification factors are identical for 
flexure in and transverse to the plane of curvature should not 
cause surprise; on the contrary, it is surprising that the fact has 
escaped attention until the present time. Fig. 22 of this discus- 


(a) 


(ec) 


Fig. 22. Distortion In Pipe BEND 


(Undistorted side view is shown at left of bend. a, Distortion of bend caused 

by moment tending to decrease radius of curvature of bend. 6, Distortion 

of bend caused by moment acting perpendicular to plane of bend. c, Dis- 

tortion of bend caused by me i to increase radius of curvature of 
vend.) 


sion clearly establishes that transverse bending (diagram b) re- 
presents no more than an intermediate condition between the 
two extremes of bending in the plane illustrated by (a) and (c), 
which show, respectively, the distortion produced by moments 
tending to close the bend (increase curvature) and open the 
bend (decrease curvature). 

Taking advantage of the attention which those interested in 
expanding present-day knowledge of thermal-expansion effects 
in pipe will give to this paper, and without detracting in any way 
from the importance of the author’s contribution to this subject, 
we feel it opportune to raise some of the most pressing unsolved 
problems, in the hope that further thought and study will be 
stimulated thereby: 

1 Limitation of Formulas. Two approaches are available for 
the calculation of toroidal shapes, the thin-tube theory, which the 
author expands in this paper, and the curved-bar theory. Neither 
is complete, the former neglecting the displacement of the neutral 
axis toward the center of curvature, and the latter disregarding 
cross-sectional distortion. The one is nearer to the truth for thin 
tubes and the other probably more suited to sharp-radius thick- 
walled elbows. A definition of the limits of each is needed, or 
preferably a new approach combining all significant effects. 

2 Modifications Due to Pressure. The thin-tube theory con- 
siders an external bending moment only; in actual applications, 
either internal or external pressure and some axial loading and 
shear are involved in addition to bending. Since the increased 


17 Consulting Engineer, M. W. Kellogg Company, New York, N. Y. 
Mem. A.S.M.E. 
18M. W. Kellogg Company, New York, N. Y. 


4 fl 
Ww 
p 
4 di 
4 pe 
sl 
4 st 
a 
3 si 
4 ts 
it 
: ol 
st 
el 
th 
lit 
Ol 
j al 
4 gi 
W 
¥ 
(2 
Pi 
pI 
Pi 
by 
= (6) = 
; 


VIGNESS—ELASTIC 
flexibility of curved pipe is due to its ovalization under flexure, 
which would be opposed by internal pressure, the question arises 
whether and to what extent the ovalization persists under internal 
pressure ; also, whether it is accentuated by external pressure. 

Stability Considerations. The distortion and stress re- 
distribution, attendant to bending of a curved pipe, can be ex- 
pected to affect its collapse resistance, both under external pres- 
sure and due to sustained axial forces or moments. 

4 Significance of Calculated Stresses. Assuming that the 
stress-intensification factors can be properly evaluated, their 
significance with regard to ultimate failure still has to be es- 
tablished. Stresses are localized and, depending upon the capac- 
ity of other parts of the system to absorb overload, they should 
or should not be compared with normal design stresses. For steady 
stress, Hovgaard!® has expressed the opinion that a design to the 
elastic limit will be safe. For cyclic conditions, Dennison®® and 
the writers?! have made tests providing a rough indication of the 
limits of safety. In this connection, it is noted that fatigue tests 
on bars do not even truly predict the endurance of straight pipe; 
also, that there is evidence that straight pipe has somewhat 
greater flexibility than indicated by the bar theory, a phenomenon 
which is as yet unexplained. 

5 Other Allied Problems. 


Without intention to discourage, 


“Further Research on 
(2), p. 292. 

2” The Strength and Flexibility of Corrugated and Creased Bend 
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pp. 343-432. 

2.*The Significance of, and Suggested Limits for, the Stress in 
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it is noted that there are numerous other effects pertinent to the 
subject of flexibility of piping, such as those in miter bends, at 
tees or laterals, in flanges, ete., about which practically nothing is 
known and which are, for this reason, often disregarded entirely 
by the uninitiated. Even a crude evaluation of these effects 
would do much to advance the basis for a proper piping-design 
practice. 


AvuTHOR’s CLOSURE 


The practical engineer’s first question, when a refinement of 
theory is introduced, is how greatly will the new theory affect 
the results as formerly derived. The answer to this question can 
only be given with exactness for specific cases. A -general 
answer must necessarily be qualified. For many piping arrange- 
ments the contributions of transverse bending of bends play but 
a small part in determining the flexibility of the system. In 
such cases large changes of the transverse flexibility of the bends 
will have little effect on the flexibility of the system. This is the 
case with most piping systems. 

Mr. McCutchan has found that for the illustrative three- 
dimensional problem given in the ‘Piping Handbook,” the 
resultant of the end reactions is changed by less than 3 per cent 
by the introduction of the transverse-rigidity factor. The 
author has calculated the same problem by the method of Karelitz 
and Marchant,?? in which secondary rotations have been in- 
cluded, and See found the resultant end reactions to be changed 
by less than 3 per cent. Evidently in cases of this type neither 
secondary rotations nor flexibility changes of transverse bending 
greatly affect the flexibility of the system. Piping systems that 
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contain a good percentage of their lengths in bends and that 
have large transverse moments along these bends are the only 
types in which large changes of end reactions need be expected. 

It is hoped that this will give an idea of the quantitative 
influence of the transverse-rigidity factor as desired by Dr. 
Hovgaard. The stress concentration, caused by cross-sectional 
deformation, should be considered even though end-reaction 
changes are small. This is particularly true in view of the 
uncertain behavior of alloys used for high-temperature high- 
pressure piping at different stress combinations. 

The application of the transverse-rigidity factor requires a 
negligible amount of additional work for most analytical methods 
of determining pipe end reactions. An appreciable added 
difficulty is encountered in applying it to the graphoanalytical 
method illustrated in the “Piping Handbook.” In this latter 
case the abscissas of the bending-moment diagrams are taken, 
as stated by McCutchan, as the sum of the two rotations in- 
volved. For the handbook Cases 8, 9, and 10 the bending- 
moment diagrams are given in Fig. 23 of this closure, to supple- 
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ment the illustrations given in the paper (Figs. 14, 15, and 16). 
If secondary rotations are to be neglected, the minor rotations 
in these diagrams can be omitted. 

The additional unsolved problems put forth by Rossheim 
and Markl emphasize that considerable research must be ac- 
complished before fundamental engineering knowledge catches 
up with present engineering practice as applied to piping. Rather 
than tending to discourage, a listing of these problems should 
provide greater incentive to labor. Many problems to be en- 
countered along these lines are capable only of empirical solutions. 
Methods of measurements have lately been so improved that 
good results should be forthcoming. Perhaps a most important 
problem to be added to the list of Rossheim and Markl is the 
measurement of strains in installed piping systems which are 
caused by the temperature and pressure changes under service 
conditions. Such measurements are by no means impossible. 

In Fig. 10 of the paper, a correction, in which S,; should be 
changed to S,, should be noted. The curve for this figure is 
plotted for h = 0.8. 
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Instrumentation in the Study 
of Diesel Combustion 


By E. W. LANDEN,' CHICAGO, ILL., anp L. A. BLANC,? PEORIA, ILL. 


Physical apparatus and technique have been developed 
for studying the fundamental processes of combustion 
within the cylinders of Diesel engines. The study of 
engine performance actually should begin with the 
energy changes taking place in the combustible material. 
For a better understanding of the procedure followed in 
such tests the authors describe the ‘‘window technique” 
developed for the optical study of combustion. In this 
system a quartz port is introduced into the cylinder wall 
through which, for example, a spectrograph may be used 
to observe the flame. Another method for studying com- 
bustion and its effects on the cylinder is by means of the 
Edgerton camera, or high-speed continuously moving 
film. The technique of measuring pressures within the 
combustion chambers with the cathode-ray oscilloscope 
is described. The most important results of the study 
reported in this paper are the records of flame duration 
and pressure obtained. 


tests in the field and laboratory but also by attempting 

to obtain information about the fundamental processes 
within the engine. Early development work consisted largely of 
trying a number of practical designs. By the process of elimina- 
tion, and the accumulation of experience, improvements were 
made. Physical apparatus may be employed to investigate the 
fundamental processes within the engine. The performance of a 
Diesel engine depends upon energy changes taking place in the 
combustible material within the cylinder. The radiation emitted 
is characteristic of energy changes and the temperature of the 
flame; therefore important information should be obtained from 
the radiation. This knowledge can be used in future engine 
design. 

The Diesel test engine used in the present work is a 3°/,-in. 
bore, 5-in-stroke, four-cycle, single-cylinder engine which develops 
12 hp at 1800 rpm. Different types of engines are possible by 
merely interchanging block and head assemblies. A direct- 
current dynamo is used to start the engine and to absorb the 
power delivered. The dynamo permits continuous speed con- 
trol from 0 to 1800 rpm and continuous load control from idle to 
12 hp. 


A DIESEL engine may be studied not only by performance 


Winpbow TECHNIQUE 


A prerequisite for any optical study of combustion is a trans- 
parent port through the cylinder wall or engine head. Since 
quartz is heat-resistant, has a low coefficient of expansion and 
high tensile strength, it is an ideal material through which the ex- 
plosions in the engine chamber may be observed. It is trans- 
parent to the visible and ultraviolet and the transparency extends 
somewhat into the infrared region of the spectrum. Quartz 
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windows should be mounted in some type of removable plug, in 
preference to mounting them directly in the engine wall. The 
plug can then be taken out for renewing windows and cleaning 
soot from the surface which is in contact with the burning gases. 

Quartz may either be cemented into a mount or held in with a 
suitable gasket material. Cementing quartz into a plug is a 
standard practice for providing the engine wall with a trans- 
parent window. Since invar and quartz have practically the 
same coefficient of expansion within the temperature range of 
20 to 350 C, the quartz can be cemented directly into invar 
without danger of cracking the window as the engine warms up 
and cools. Porcelain cement has been found excellent for binding 
the quartz and invar together. In certain cases, porcelain cement 
may be diluted slightly with asbestos fibers which makes it more 
plastic. Windows may be mounted with the outer surface flush 
with the rim of the retainer when using the cement technique. 
The cross-sectional diagram, shown in Fig. l(a), illustrates a 
window cemented into a plug. The technique for mounting 
the window in this manner is described. An invar plug with the 
desired shape has a seat at B on which the quartz rests and a 
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Fig. 1 Quartz Winpow CEMENTED IN Piu@ A AND HELD BY 


Copper Gaskets B 


recess as shown in Fig. l(a) at A. The quartz is then ground 
to fit the invar seat at B until a good vacuum-tight joint is ob- 
tained, using the sound of a Hyvac pump as a criterion. The 
Hyvac pump holds the window in position while the cement is 
applied. The pumping is continued until it is set and the entire 
assembly placed in an oven at 150 C overnight. The cement 
makes a mechanical bond, holding the window in position, and 
the ground invar-quartz joint prevents gas leakage when pressure 
is applied to the quartz window. 

The quartz may also be held between machined surfaces with a 
soft gasket material separating it from the invar or iron surfaces 
in the retaining plug. Very soft copper washers '/, in. thick 
have been found to prevent the quartz from cracking and they 
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Fic. 3) WInpbow CoNnsTRUCTION IN WHICH Soot COLLECTION ON 
Winpvow Can BE ConTROLLED 


produce a tight seal. In making the washers, two metal punches 
are used, one size for the inner diameter and a larger size for the 
outer diameter. These washers are flattened between steel 
plates. Finally, they are heated to a cherry red and dropped 
into a beaker of cold water. Fig. 1(6) shows a cross section of a 
window assembly using copper washers. 

Quartz windows which are fastened in the cylinder wall or en- 
gine head and kept at the temperature of the cooling jacket be- 
come sooty after a number of explosions in the chamber. Ex- 
periments were tried, placing a shield in front of the window. 
The types of shields used are shown in Fig. 2, A and B. They are 
necessarily small to reduce effects on the normal combustion of the 
engine. Type A is slightly more effective in delaying the soot 
formation on the quartz, but it collimates the light beam consider- 
ably. The solid angle is largest in type B, other things being 
equal, permitting a greater cone of light to pass through the 
window. 

One window mounting was made in which streams of nitrogen 
were directed toward the window, producing a washing effect. 
This proves to be slightly beneficial in delaying, but does not 
remedy the soot formation. 

A new window type was used in which the temperature of the 
window may be controlled to some extent. The window also 
has provision for side passing the main air blast on combustion, 
causing the major portion of the soot to collect in places other 
than on the window. This window construction is shown in 
cross section in Fig. 3. The small air chamber A permits the 
carbon-infected air to be compressed, producing a movement 
of the air at B which blows the soot away from the window C. 
The side wall D may be made thin and long, or thick and short, 
depending upon the window temperature desired. The light 
transmitted by the window is collimated by the small fused- 
quartz lens L. 

This type of window has been in operation in a direct-injec- 
tion-type Diesel engine for days with no sign of soot settling on 
the window. In the main chamber of the precombustion- 
chamber-type Diesel engine, no soot appeared on the window. 
The same window, when used in the precombustion chamber, did 
form a film which stayed on the window during operation. The 
thickness of the film changed with the operating conditions of the 
engine. 

It is of interest to note that it is possible by focusing the 
image of the window on a screen to observe the deposition and 
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removal of such soot particles as may remain on the window 
long enough to be detected by the eye. 
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OBSERVATIONS WITH THE SPECTROGRAPH 


A burning fuel in the open atmosphere emits a characteristic 
flame. The flame is to be observed with a spectrograph to deter- 
mine wave lengths of emitted light, either in the form of a band 
spectrum or continuous radiation. For observing the spectra of 
the engine, a large Littrow-type quartz spectrograph is used. 
The optics of the spectrograph are crystal quartz and the lens 
has a focal length of approximately 180 cm. The numerical 
aperture of the lens is about 25. The entire spectrum from 2000 
A to 8000 A can be recorded on three settings of a 4 X 10- 
in. plate, and the adjustment permits the recording of any par- 
ticular spectral region. A drum camera shown in Fig. 4 can be 
placed on the spectrograph in place of the plateholder. When 
using the drum camera, the spectrograph is placed along the 
engine as shown in Fig. 5. The drum of the camera is connected 
directly to the crankshaft of the engine by means of a jack shaft 
and disk coupling. 

The apparatus for studying the radiation from the combus- 
tion of the Diesel fuel oil represented in Fig. 5 shows the beam 
of light coming from the engine window W. This collimated 
beam from W is reflected by mirrors .M, and M, so it passes into 
the spectrograph slit S through the lens LZ. The radiation from 
the burning charge exposes the film on the drum camera during 
the rotation of the crankshaft. Thus, the spectrum is recorded 
during the entire combustion cycle of the engine. This has the 
advantage of resolving the spectrum into crank-angle intervals as 
burning progresses. 

The spectrum obtained from the flame when photographed by 
the drum camera shows a continuous radiation in the visible and 
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ultraviolet region. This is interrupted by the 
band spectrum from 3300 A to 3064 A. Spectrograms of the 
direct-injection-engine flame are shown in Fig. 6. Only the 
visible region is shown in these spectrograms. 

An interesting point can be brought out here which demon- 
strates the sensitivity of the spectrographic method. One type of 
fuel oil used had a slight trace of copper, which was present after 
refining. The persistent spectral lines at 3248 A and 3274 A 
were observed in spectrograms, while standard chemical analysis 
failed to show the presence of copper. 

The spectrum can be recorded on a photographie plate on which 
the entire radiation accumulates on a given exposure. A sector 
disk synchronized with the crankshaft can be used to expose any 
crank-angle interval desired. Mechanical considerations of driv- 
ing a synchronized sector disk or drum camera, combined with 
the desired angular resolution, determine which method is desired. 
A prism-type ultraviolet-transmitting spectrograph with short- 
focal-length optics is usually not adaptable to a drum camera 
because of the curvature of the focal plane; hence a sector disk 
would be necessary. 

Spectrograms of individual flames may be obtained by a simple 
small spectrograph, using a pinhole-aperture window in the 
engine head for the spectrograph slit and a moving film for 
recording the spectrum. The resolving power of such an instru- 
ment is determined by the size of the pinhole and the optics used. 
Lenses of small numerical aperture and a large prism must be 
used, which are consistent with a relatively flat focal plane. 


water-vapor 
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SPECTROGRAMS OF D1RECT-INJECTION-ENGINE FLAME 


Distribution of the spectrogram in crank-angle degrees may 
be made by moving the film rapidly. Intensity of radiation is a 
problem in this method, but with the high-luminosity Diesel 
flame, spectrograms of individual flames are possible. These 
spectrograms, because of the short exposure and low intensity 
of the shorter wave lengths, will not extend far into the ultra- 
violet. 

It is possible that spectra in the infrared region may give addi- 
tional information on the combustion. Absorption spectroscopy, 
another fruitful field, can be accomplished with the drum-camera 
spectrograph and a suitable source of continuous radiation. 


FLAME-TRACE PHOTOGRAPHY 


The distribution over crank angle of the luminous flame in a 
Diesel engine can be measured photographically. A high-speed 
continuously moving film (Edgerton camera) is satisfactory for 
photographing successive flame traces. With suitable reduction 
pulleys, the film speed may be controlled from a small value up to 
as high as 80 fps. The desired observation determines the film 
speed. 

A spark between pointed tungsten electrodes marks crank 
angles on the film. Two electrodes were attached to the flywheel, 
which is grounded. A third electrode is insulated from, but rig- 
idly attached to, the engine. As the flywheel rotates, the grounded 
electrodes pass the insulated electrode, discharging a condenser. 
The condenser C, in Fig. 7, is kept charged by a variable-voltage 
supply capable of supplying voltages up to 6000 v. The light 
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Fie. 9 GroupiING oF FLAMES IN 5-DEG CRANK-ANGLE INTERVALS 
(Data obtained on direct-injection engine.) 


from the spark is reflected properly and focused with a lens so a 
sharp image is formed on the moving photographic film. This 
shows up as a small black dot on the film, marking the crank 
angle at that point. The power supply has a switch connected 
to the film driving motor of the high-speed camera which starts 
the series of sparks after the film is in motion. There is also a 
resistor supplying a small impulse for marking crank angles on a 
cathode-ray oscilloscope when this is desired. 

A rectangular slit in front of the window is placed in the engine 
head so the image of the slit on the photographic film is perpen- 
dicular to the movement of the film. Changes in luminosity are 
then recorded on the film as variations of film densities. The 
size of the slit and the speed of the film may both be used to 
control the exposure on the film. The point image of the spark 
is adjusted by movement of the mirrors to line up with the 
image of the slit on the film at rest. 

Data obtained by using the flame-trace photography may be 
correlated with spectrograms obtained by using the drum camera 
on the spectrograph. Flames from the direct-injection-type 
Diesel engine were photographed and it was found that the 
flame, in most cases, could be divided into two parts. An in- 
tense flame with high luminosity occurs early in the flame life, 
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ENTIRE FLAME 


followed by a flame of low luminosity. Examples of the flame 
traces are shown in Fig. 8, the engine operating at one half rated 
load. The duration of the intense part of the flame and the 
entire flame are measured in terms of crank-angle degrees. Fig. 9 
is a plot of flame duration versus the number of flames observed 
on a direct-injection engine. The clear bars represent the dura- 
tion as measured by the initial high-density trace and the colored 
bars the entire length of the flame trace. 

The average lengths of the intense portion of the flame and 
the entire flame are plotted in Fig. 10. The ordinates represent 
the crank angle and the abscissas the brake-horsepower output; 
each engine speed is plotted on one set of axes. The solid line 
represents the end of the entire flame and the broken line repre- 
sents the end of the high luminous part of the flame. 

The spectrum of the direct-injection engine, as photographed 
with the drum camera, is shown by a diagrammatic sketch in 
Fig. 11. Consider the spectrogram to be made up of parts A 
and B. Part A is of high luminosity showing the spectrum which 
extends into the ultraviolet. Part B shows only a short region 
of the visible spectrum. At low loads, part A is very pronounced 
and B is small. Intermediate loads represented in Fig. 11 show 
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Fie. 11 DIAGRAM OF SPECTROGRAM 


the parts A and B distinctly. At full-load operating conditions, 
parts A and B are not clearly defined in either the spectrograms 
or the flame traces. 


Srupy or Pressure AND 


The pressure within the combustion chambers is measured by 
amplifying the electrical impulses set up in a quartz crystal. 
These amplified impulses are shown on a cathode-ray-oscillo- 
scope screen. The quartz-crystal pressure pickup is a standard 
type 307A R.C.A. unit. A 3-stage amplifier having a frequency 
response 1 to 17,000 is used to amplify the impulses from the 
quartz crystal. The amplified signal is fed directly to the vertical 
plates of the cathode-ray tube and the amplifier has a calibra- 
tion scale which facilitates measurement of absolute pressures 
within the combustion chambers of the engine. 

Any oscilloscope with a medium persistent green screen is 
suitable for visual observation. For photographing the pressure 
records, either a short persistent blue screen tube or an oscillo- 
scope with an intensifying screen is found to be more satisfactory. 
The horizontal sweep in the oscilloscope circuit is usually suit- 
able for a time axis. This plots the pressure as ordinates and the 
crank angle as abscissas directly on the oscilloscope screen. 
Crank angles are marked by some type of impulse timer con- 
nected to the crankshaft. An angular-sweep potentiometer is 
also useful when it is desired to use crank angle instead of a 
time axis. This apparatus makes it possible to change the 
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angular rotation into a linear motion on the horizontal sweep of 
the oscilloscope screen. It has the advantage in that angles can 
be calibrated statically and the observations made dynamically 
Such an apparatus is now available commercially. 

Pictures of a large number of successive pressure diagrams are 
possible. A 35-mm movie camera geared properly to the crank- 
shaft of the Diesel engine permits photographing the cathode- 
ray-tube screen as the pressure diagram is traced out. A series 
of successive pressure records show changes in pressure from one 
explosion to the next; also, the high-frequency wave, associated 
with engine knock, is superimposed on the pressure wave which 
may be observed in successive explosions. 


SmmuLTANEOUS FLAME AND PRESSURE RECORDS 


Striations observed in the flame traces show that the flame 
changes in luminosity at a high frequency which may indicate 
the presence of pressure waves in the system. In order to deter- 
mine any correlation between this variation in luminosity of the 
flame and changes in the pressure record, it is necessary to record 
flame traces and pressure records simultaneously. 

Flame traces can be photographed simultaneously with the 
corresponding pressure records, using the high-speed camera and 
the apparatus described in the preceding section. Each spark 
image photographed with the flame trace also shows up as a 
small impulse on the pressure diagram. The high-speed camera, 
by means of a relay system, starts the series of sparks shortly 
after the film has begun to move so it is possible to find the 
first flame trace with spark images adjacent. This flame trace 
corresponds to the first pressure record in the series showing the 
impulse markings. After the first flame trace and pressure rec- 
ord have been established, the others can be numbered con- 
secutively. 


CONCLUSION 


Experiments designed to use physical principles and physical 
apparatus are significant in view of adopting those in order to get 
as much information as possible on the combustion process. 
Probably the most important development described herein is 
the window technique because any optical investigation requires 
the transmission of light to be reasonably constant throughout a 
given exposure. Of most immediate interest to the engineer are 
the records of flame duration and pressure obtained as described 
herein. 
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The Effect of Wood Structure Upon 
Heat Conductivity 


By F. F. WANGAARD,! SEATTLE, WASH. 


Shrinkage and swelling, mechanical properties, and 
working qualities of wood are all related to the orientation 
of structural units of the cell wall. The effect of fibrillar 
orientation upon the heat-conducting properties of wood 
indicates a new technique for the selection of various 
qualities of wood. The differential thermal! conductivity 
of wood in the longitudinal and transverse directions is 
shown to be due chiefly to the anisotropic character of the 
fibrils, and deviations from anticipated transverse-con- 
ductivity ‘alues, as well as longitudinal-transverse heat- 
conductivity ratios, are closely related to fibrillar orienta- 
tion. In this paper application of longitudinal-trans- 
verse conductivity ratios is proposed particularly for the 
detection of mild compression wood. 


NE of the properties of wood which contributes to its 

wide usefulness is its relatively high thermal resistance. 

All woods, however, are not equally resistant to the flow 
of heat and, while recognition of the general dependence of heat 
conductivity upon the density of wood may often be sufficient, 
heat-conductivity data of a precise nature are required for many 
purposes. Calculations of heat loss in various types of con- 
struction and studies of heat transfer in kiln drying and wood 
preservation illustrate the diversity of application of these data. 

Previous investigations have confirmed the basic relationships 
which exist between heat conductivity, specific gravity, and 
moisture content, and a fairly accurate prediction of heat con- 
duction transversely through the various woods which have been 
studied can now be made. However, the same studies have 
suggested that other factors undoubtedly operate to influence 
the heat conductivity of wood. The effects of different directions 
of grain and of macroscopic and microscopic structural features 
upon conductivity have been investigated previously in an 
attempt to account for the uncorrelated variation remaining 
after the relationship between transverse heat conductivity, 
specific gravity, and moisture content had been determined. 

In the present work an attempt has been made, through an 
intensive study of the wood of Douglas fir, to account more fully 
for the variation about anticipated conductivity values. Since 
all of the physical and mechanical properties of wood exhibit 
a’ more or less pronounced variation about normal anticipated 
values, it is reasonable to assume that any basie characteristic 
of wood which is found to exert an influence divergent from 
normal upon heat conductivity may also play a similar role with 
regard to other properties of wood. The determination of such 
influences may possibly lead to the development of new means 
for the recognition or selection of abnormal material. Incidental 
to the primary objective of this study was the determination of 
heat-conductivity data for several species to serve as a check 
upon the heat-conductivity-specific-gravity and moisture-con- 
tent relationship. 
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REVIEW OF THE LITERATURE 
Errect or Speciric Gravity AND Moisture CONTENT 

Recent determinations of heat conduction in wood have been 
based to a large extent upon various modifications of the hot- 
plate principle. Using the latter method Griffiths and Kaye 
(1),2 Van Dusen (2), Rowley (3), the author (4), and MacLean 
(5) have obtained heat-conductivity constants for a large number 
of timbers, and the influences of specific gravity and moisture 
content upon the heat conductivity of wood have been indicated 
by these workers as well as by Kollmann (6). The author (4) has 
shown the relationship which exists between heat conductivity 
and the two variables, specific gravity and moisture content, 
by means of an alignment chart, based upon more than 500 
determinations of transverse heat conductivity in the wood of 
49 species, Fig. 1. Recently, MacLean (5) derived an equation 
intended to permit the calculation of thermal conductivity on 
the basis of the same variables. 

OF Direcrion OF GRAIN 

Investigations by many early workers revealed a rate of con- 
duction of heat parallel with the grain of wood several times 
greater than that in the transverse direction. More recently 
Griffiths and Kaye (1) obtained absolute results which showed 
longitudinal-conductivity values approximately twice as great 
as those obtained from measurements of heat flow directed at 
right angles to the fiber axis. Kollmann (6) has indicated that 
for most common woods longitudinal conductivity is somewhat 
less than 3 times as great as tranverse conductivity. 

One of the earlier experiments bears particularly upon the 
present problem. Following the method introduced by de 
Senarmont for the study of relative conductivities along the 
structural axes of crystals, Knoblauch (7) demonstrated that 
the ratio of longitudinal to transverse conductivity for several 
woods varied between extreme limits of 1.5 to 1 and 3.2 to 1. 

Finck (8) tested a number of fibrous insulating materials using 
a small hot-plate apparatus. Although wood was not included 
among the test materials, his results are of interest because of 
similarity in fiber structure. He observed that conductivity 
parallel with the fibers, when these showed orientation in a speci- 
men, was greater than that in the direction perpendicular to 
the fibers in the ratio of about 3 to 1. This, Finck ascribed to a 
lower internal-surface resistance between fiber and air when the 
fibers were arranged parallel with the direction of heat flow. 
He concluded that this arrangement permitted the high con- 
ductivities of the fibers to exert a maximum influence on the total 
conductivity of the material. 

_Kollmann (6) and Forsaith (9) have attributed the greater 
conductivity along the grain in wood as compared with that 
across the grain to the minute structure of the cell wall. The 
cell walls of wood, in common with those of other higher plants, 
seemingly consist essentially of long chains of glucose-anhydride 
units which compose cellulose. Each of the polysaccharide 
chains is oriented in a direction parallel or nearly parallel with 
the longitudinal axis of the cell, and is bound by internal forces. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Parallel chains, however, are held together by forces of a dif- 
ferent type. Kollmann assumed that the forces acting within 
the polysaccharide chains are greater than the forces which bind 
parallel chains together. From the fundamental viewpoint, that 
the conductivity of heat is a manifestation of an equalization 
of molecular energy and that a strong binding force offers less 
resistance to such energy transmission than one which is weaker, 
he has explained the greater conductivity of heat in the longitu- 
dinal direction. 

Several investigators have discussed the influence of direction 
of grain, i.e., radial and tangential, upon the transverse con- 
ductivity of heat in wood. Griffiths and Kaye (1) found that 
radial conductivity usually exceeded that in the tangential 
direction by some 5 to 10 per cent. Rowley (3) concluded that, 
in species with strongly marked springwood and summerwood, 
tangential conductivity was somewhat greater than radial 
conductivity, but that no appreciable difference existed between 
conductivities in these two directions in woods which possess 
uniformity of structure throughout the annual ring. 

Statistical analyses of results obtained by the writer (4) 
indicated that radial conductivity was significantly greater than 
tangential conductivity in the hardwoods generally, whereas in 
the softwoods no superiority in the radial direction was de- 
tectable. These results, confirming the conclusion of Griffiths 
and Kaye, in so far as the hardwoods are concerned, may be 
reasonably explained on the basis of the influence exercised by 
the wood rays. These rays, the cells of which are oriented in 
the radial direction, comprise an average volume approximately 
twice as great in hardwoods as compared with softwoods; hence, 
their influence upon the conductivity of heat would be displayed 
more prominently in the former group of woods. MacLean 
(5) has lately found no significant difference between radial and 
tangential conductivity in the wood of Douglas fir. 


EFFeEct oF Gross Woop STRUCTURE 


In an attempt to account for departures from normal con- 
ductivities, the influence of gross wood structure upon the trans- 
verse conductivity of heat has been explored (4). If variables 
in structure such as type, size, and disposition of the longitudinal 
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Fic. 1 ALIGNMENT-CHART REPRESENTATION OF RELATIONSHIP BE- 
TWEEN TRANSVERSE Heat Conpvuctivity, Speciric GRAVITY, AND 
Moisture ConTENT OF Woop 


(Specific gravity based on oven-dry weight of wood and volume at the 
prevailing moisture content. Moisture-content percentage, based on weight 


of moisture and oven-dry weight of wood.) 
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cells have an effect upon this physical property, an appreciable 
difference might be anticipated between the conductivities at 
like densities and moisture contents of woods offering such a 
contrast in structure as do the hardwoods and softwoods. Analy- 
sis of the data from 194 tests on hardwoods and 355 softwood 
tests separately obtained by Rowley and the author failed to 
show a significant difference between the conductivity values of 
two such diverse groups of woods. 

Nearly all investigators have presented in their results a 
constant value for conductivity, or conductivity-density rela- 
tionships, for each kind of wood studied. Each kind of wood is 
characterized by a distinct combination of structural character- 
istics, although the influence of factors peculiar to any one 
species as such is relatively slight. This conclusion was reached 
by Rowley (3), and the density-conductivity relationship ex- 
pressed by Kollmann (6), together with the high correlation 
index of the relationship, shown in Fig. 1, confirms the lesser 
role played by the structural factors characteristic of individual 
species. The author (4) has presented average test results for 
individual species in the form of deviations from the norma) 
conductivity-specific-gravity and moisture-content relationship. 
These results indicate that individual species with few exceptions 
vary in conductivity within comparatively narrow limits about 
estimated values. Table 1 shows the extent of average species 
deviations from the relationship presented in Fig. 1, together 
with the number of tests upon which each value is based. 

Although in discussing the conductivity-specific-gravity 
relationship, Van Dusen (2) states, “The deviation . . . from a 
smooth curve is doubtless due to a great extent to the varying 
amount of resinous substances present,” the author (4) was 
unable to confirm this statement. No evidence of variation in 
heat conductivity because of chemical composition of wood was 
detected, although the species which were examined showed 
considerable diversity in composition. The increased density 
of extremely resinous specimens of the southern pines, for ex- 
ample, appeared to counteract the additional conducting ability 
of the resin itself. MacLean (5) on the other hand has argued 
that the higher extractive content of heartwood of certain species, 
including the oaks and sugar maple, may account for their 
abnormal conductivity. A wide variation in conductivity 
shown in MacLean’s tests of southern cypress was also attributed 
to a probable variation in extractive content, although in tests 
conducted on the same species the author found variation in 
cell-wall structure to be the principal cause of deviation from 
anticipated conductivity. 


Errect oF STRUCTURE 


The cell walls of plant fibers have long been known to con- 
sist of an aggregation of fibrils more or less oriented in the 
direction of the long axis of, the fiber. Ritter (10) has stated 
that the fibrils in the outer layer of the secondary cell wall in 
wood fibers are oriented nearly at right angles to the fiber axis 
while those in the remaining layers of the secondary wall are 
spirally arranged and vary in orientation from 0 to 30 deg with 
the same axis. Pillow and Luxford (11) have pointed out that 
the angle at which the orientation of the fibrils diverges from the 
longitudinal axis of the cells in coniferous woods is characteristic 
of certain types of wood and may serve as a criterion of their 
strength properties in comparing more than one specimen of the 
same species. These authors refer to the angle at which the 
fibrils are inclined with reference to the longest axis of the fibers 
as the slope of the fibrils. 

Bailey (12) and Bailey and Berkley (13) have stated that the 
long axes of pit orifices may often serve as an indication of 
fibrillar orientation in the central layer of the secondary cell 
wall, but caution against the use of this indicator in the deter- 
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WANGAARD -EFFECT OF WOOD STRUCTURE UPON HEAT CONDUCTIVITY 


Fic. 2. A Parr or Test SPECIMENS MounTED In Guarp Rines Reapy For TESTING 


mination of fibrillar orientations of the thin inner and outer 
layers of the secondary wall. 

Several relationships between fibrillar orientation and wood 
properties have been indicated in the literature on the subject. 
Robinson (14) and Koehler (15) have presented evidence that 
tension fractures are related to fibrillar orientation. Maby 
(16) found that a low fibrillar slope corresponds with low longi- 
tudinal shrinkage of wood upon drying. On the basis of a small 
number of tests on normal wood and compression wood of 
loblolly pine and Douglas fir, Pillow and Luxford (11) determined 
that strength-density ratios are clearly dependent upon the 
slope of the fibrils. Garland (17) has shown significant cor- 
relations between fibrillar angle and strength-density and stiff- 
ness-density indexes in a large number of tests of commercial 
shortleaf pine timber, and Schrader (18) has shown a similar 
relationship for Douglas fir. Indirectly measured effects of 
fibrillar angle upon resonance of wood have been reported by 
Knoblauch (7) and Lark-Horovitz (19). 

The greater portion of the deviations from the heat-conductiv- 
ity-specific-gravity and moisture-content relationship for wood 
has been found (20) to be induced by the orientation of the 
fibrils. Transverse heat conductivity in coniferous woods ap- 
peared to be subnormal when the fibrils were oriented at an 
angle less than 13 to 14 deg, and greater than normal when the 
orientation of the fibrils diverged more than this amount from 
the long axis of the fibers. 


EXPERIMENTAL WORK 
TRANSVERSE CoNDUCTIVITY OF HEAT 


In all essential features the apparatus used for the determina- 
tion of transverse heat conductivity corresponded to that rec- 
ommended as a standard for the testing of insulating materials 
by the United States Bureau of Standards (2). As in previous 
tests (4), the standard hot plate was modified to permit the use 
of test specimens 5-in-square, rather than the conventional 
12-in-square size. Fig. 2 indicates the appearance of the testing 
equipment and shows the placement of duplicate test specimens 
in hardwood guard rings. 

Specimens were prepared from air-seasoned boards of the 


eight species marked with an asterisk in Table 1. While the 
test material of most of these species was limited to that obtain- 
able from one or two boards, the Douglas-fir specimens were 
selected especially to provide a wide range of structure from the 
standpoint of density and rate of growth. Direction of grain 
and number of annual rings per inch were noted for each speci- 
men. Moisture content was calculated as percentage of moisture 
on the basis of the oven-dry weight of the specimen. The 
specific gravity of each test specimen was calculated on the 
basis of oven-dry weight and volume at the time the conductivity 
determination was made. Conductivity k was expressed in 
Btu per sq ft per deg F per in. per hr. 


LONGITUDINAL ConpvuctTiviTy oF HEAT 


Reference has been made to the previous application to wood 
of the method of de Senarmont. The simplicity of this experi- 
mental procedure and the facility with which results are obtained 
offer a marked contrast to the time-consuming hot-plate method 
used in the first phase of this study. Ifa source of heat is applied 
at one point on the plane surface of isotropic material, heat will 
be conducted equally in all directions from that point and a 
series of concentric circular isotherms will be established. When 
heat is applied similarly to a surface in the plane of two struc- 
tural axes of anisotropic material, the flow of heat will usually 
not be equal in the direction of the different axes, and the iso- 
therms will consequently be elliptical in shape. The ratio of 
the conductivities in the directions of two such axes is propor- 
tional to the square of the ratio of the corresponding axes of 
the isothermal ellipse. 

One specimen of each test-pair, which had been employed 
previously for the determination of transverse heat conductivity, 
provided the test material for this study of conductivity ratios. 
At the time of test, the moisture content of the wood ranged 
from 6 to 8 per cent. An edge of the specimen was covered 
with a uniform thin film of paraffin and this surface was then 
dusted with talcum powder. A pointed brass rod, !/,in. diam, 
was heated in a Bunsen-burner flame and firmly pressed to the 
paraffin-covered surface. 

The major axis of the elliptical figure formed by the melted 
paraffin in each instance corresponded to the longitudinal axis 
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of the wood, and the minor axis to a transverse 
direction of the grain. Measurement of the axes 
of the elliptical figure to an accuracy of 0.01 in. 
was accomplished through the use of a_ finely 
graduated steel rule and astrong readinglens. The 
atio of longitudinal to transverse conductivity ob- 
tained for each specimen represents an average of 
two separate determinations. 


EXAMINATION OF CELL-WALL STRUCTURE 


The study of cell-wall structure with respect to 
heat conductivity was limited to the wood of a 
single species. Douglas fir was chosen because of 
its outstanding commercial importance, as well as 
for the fact that its relatively simple structure 
permits of areasonably effective sampling procedure 
in collecting measurements of the type to be de- 
scribed in the following paragraphs. 

Reference has been made previously to the fact 
that fibrillar orientation exerts a pronounced in- 
fluence upon certain mechanical and physical prop- 
erties of wood including the conductivity of heat. 
The object of this phase of the study was to ob- 
tain a quantitative measure of this structural fea- 
ture in specimens the heat-conducting properties 
of which were known. From small blocks which 
were cut from the moisture-content samples, sections 
for microscopic examination were prepared in the usual way by 
the use of a sliding microtome. Temporary water mounts of 
these sections were examined under the microscope. Examina- 
tion of these sections to determine fibril slope or angular decli- 
nation from the longitudinal axis of the tracheids, in the major 
portion (middle layer) of the cell wall was based upon measure- 
ment of the angle of orientation shown by pit apertures in radial 
sections. In Douglas fir, at least, the ray crossings are most 
opportune for such a purpose, since in this portion of the tracheid 
wall the pit aperture is more or less elongated even in the spring- 
wood portion of the annual growth, whereas the apertures of 
the bordered pit-pairs between contiguous tracheids in the spring- 
wood are commonly circular and therefore of no significance in 
the determination of fibrillar orientation. In the summerwood 


Fic. SuMMERWOOD SeEcTION INDICATING AVERAGE ANGLE oF 14 
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Fic. 4. Late Springwoop anp EarLy SUMMERWOOD SECTION INDICATING 


AVERAGE FIBRIL ANGLE OF 34 


(Photomicrographs showing ray crossings of Douglas fir and variation in fibrillar 


orientaticn as indicated by pit apertures; 650.) 


where the bordered pit-pairs display a slitlike aperture, repeated 
measurements completely substantiated the angular values 
obtained from measurement of ray-crossing pits in that portion 
of the annual ring. 

Fibril angle was measured by means of an eyepiece microme- 
ter with a movable crosshair which was aligned in a direction 
parallel with the long axes of the pit apertures. A pointer fixed 
to the eyepiece indicated the angular rotation of the eyepiece 
from the longitudinal direction on a graduated circular scale 
which was mounted on the upper end of the microscope tube. 
The variable orientation of fibrils in the springwood and summer- 
wood portions of the annual ring is shown in the photomicro- 
graphs, Figs. 3 and 4. This variation necessitated a weighting 
of the mean values obtained separately for springwood and 
summerwood on the basis of the relative amounts 
of wood substance contained in those portions of the 
wood. The relative number of cells and average 
cell-wall thickness in each portion of at least two 
annual rings served as the basis of weighting. 


EXPERIMENTAL RESULTS 
TRANSVERSE-( ‘onpucTIviTy Data 


Table 2 shows the results of 39 heat-conductivity 
determinations which were made on Douglas fir at 
a mean temperature of 80 F. These results were 
first compared on the basis of the relationship 
previously found to exist between transverse heat 
conductivity, specific gravity, and moisture con- 
tent of wood shown in the alignment chart, Fig. | 
Column 7 in Table 2 entitled ‘anticipated con- 
ductivity” represents the conductivity value which 
would be anticipated from a consideration of spe- 
cific gravity and moisture content of the test speci- 
mens. In column 8 the deviation of the actual 
test value from anticipated conductivity is ex- 
pressed as a percentage of anticipated conductivity 
value. For final results of similar treatment of data 
in 22 tests of seven additional species, see Table 1. 
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WANGAARD—EFFECT OF WOOD STRUCTURE UPON HEAT CONDUCTIVITY 131 
TABLE 1 VARIATION BETWEEN SPECIES IN TRANSVERSE HEAT CONDUCTIVITY? 

Average percentage Average percentage 
deviation from Number deviation from Number 
alignment-chart of alignment-chart of 

Species values tests Species values tests 
Red oak Quercus ep..Do........ceccncccsscess 5.2 27 White ash Frazinus ep. L..............0000- 0.7 9 
Southern red oak Quercus rubra L. ; — 0.9 12 Balsa Ochroma lagopus IU ds cesar 0.9 6 
White oak Quercus sp. L. 3.2 22 Loblolly pine Pinus taeda L.... acuhwtecea 3.2 7 
Chestnut Castanea dentata (Marsh. ) Borkh. - 3.2 7 Shortleaf pine Pinus echinata SRR rae 6.2 43 
Paper birch Betula papyrifera Marsh.. - 5.2 5 Longleaf pine Pinus palustris Mill.. — 0.4 17 
Western paper birch* Betula Papyrifera « occi- Western white pine Pinus monticola Dougl.. — 0.6 a 
dentalis Sarg.. ‘ - 5.0 2 Northern white pine Pinus strobus L.... 1.2 27 
Yellow birch Betula sp. L.. - 6.5 36 Limber pine Pinus flezilis James............ — 1.4 5 
American elm Ulmus americana L............ 5.5 7 Sugar pine Pinus lamberiiana Dougl.......... — 4.3 6 
Hackberry Celtis occidentalis L............. 0.5 3 See ine Pinus resinosa Ait............. ays 16 
Bitternut hickory Hicoria cordiformis (Wangh. ) Lodgepole pine Pinus contorta latifolia ee — 0.7 § 
0.2 1 Ponderosa pine Pinus ponderosa Dougl.. 4.0 41 
Butternut Juglans cinerea L..... - 6.4 2 Western larch Lariz occidentalis Nutt........ — 2.0 7 
Cucumber magnolia Magnolia acuminata L. 2.9 2 Lowland white fir Abies grandis Lindl........ — 6.7 13 
Tulip poplar Liriodendron tulipifera L...... 4.8 8 wae — 8.0 9 
Hop hornbeam Ostrya virginiana (Mill.) K. Silver fir* Abies amabilis (Dougl.) Forbes... .. —18.2 3 
Blue beech Carpinus caroliniana Walt........ 5.5 3 —14.4 3 
Basswood Tilia glabra Vent.. 7.2 3 Sitka spruce* Picea sitchensis (Bong.) Carr. —17.6 2 
Black willow Saliz nigra Marsh.. 3.9 1 Sitka spruce Picea sitchensis (Bong.) Carr. — 8.1 8 
Northern black cottonwood* Populus tricho- Western hemlock Tsuga heterophylla (Raefn.) 
carpa hastata Henry......... 5.3 3 — 9.0 28 
Sassafras Sassafras variifolium (Salisb. ) Ktze. 16.1 1 Eastern hemlock T'suga canadensis (L.) Carr.. . 3.0 8 
Oregon myrtle Umbellularia californica a. Douglas fir Pseudotsuga taxifolia (Lamb.) Brit. — 9.3 19 
7.6 1 Douglas fir* Pseudotsuga taxifolia (Lamb.) 
Silver maple Acer saccharinum L....... 4.4 2 — 7.7 39 
Striped maple Acer pennsylvanicum L. 0.8 3 Southern ‘cypress “Taxodium distichum (L.) 
Bigleaf maple* Acer maerephadiues Pursh 3.6 4 Redwood Sequoia sempervirens (Lamb.) Endl. 6.4 9 
Hard maple Acer sp. L............... : > i 8 Western red cedar Thuja plicata D. Don...... — 1.8 18 
Soft maple Acer sp. L. yr 1.8 6 Southern white cedar Chamaecyparis thyoides 
Black gum Nyssa sylvatica Marsh.. 6.5 3 1.8 
Pacific dogwood* Cornus nuttallii Aud... ... — 9.6 2 Alaska cedar* Chamaecyparis nootkaten- 
Red ash Fraxinus pennsylranica Marsh....... — 0.6 4 re 5.3 6 
~ @ This table (with the exception of those items marked with an asterisk of the American Society of Heating and Veieaee Engineers. It is 


which result directly from the present study) is reproduced with permission 


TABLE 2.) RESULTS OF TRANSVERSE-HEAT-CONDUCTIVITY DETERMINATIONS ON 
DOUGLAS FIR 
Moisture Number of Transverse Anticipated 

Specimen Specific content, rings per Direction conductivity, conductivity, Deviation, 
number gravity per cent inch of grain k k per cent 
10AA’ 0.59 8.1 4 Oblique 0.931 1.007 — 7.5 
10BB’ 0.61 6.4 4 Oblique 0.911 1.007 — 9.5 
11AA’ 0.59 8.1 9 Oblique 0.967 1.007 — 4.0 
12AA’ 0.49 9.4 5 Oblique 0.728 0.865 —15.8 
13AA‘’ 0.48 9.6 5 Oblique 0.795 0.848 — 6.2 
14AA’ 0.64 8.4 18 Radial 0.805 1.083 —25.7 
I5AA‘’ 0.47 7.5 6 Tangential 0.717 0.798 —10.2 
16AA‘’ 0.45 acm 16 Oblique 0.688 0.781 —11.9 
16BB’ 0.47 8.1 17 Oblique 0.723 0.819 —11.7 
I7AA’ 0.46 ace 20 Radial 0.700 0.799 —12.4 
17BB’ 0.47 6.9 7 Radial 0.705 0.804 —12.3 
18AA’ 0.56 9.3 5 Tangential 0.912 0.973 — 6.3 
ISBB’ 0.55 9.6 5 Tangential 0.885 0.961 — 7.9 
IQAA’ 0.57 9.1 12 Tangential 0.836 0.987 —15.3 
19BB’ 0.57 8.9 12 Tangential 0.842 0.981 —14.2 
20A A’ 0.55 9.5 4 Tangential 0.929 0.961 — 3.3 
,0BB’ 0.56 9.5 4 Tangential 0.943 0.978 — 3.6 
21AA’ 0.57 9.6 4 Tangential 0.949 0.990 — 4.1 
21BB’ 0.58 9.3 4 Tangential 0.964 1.010 — 4.6 
22AA’ 0.52 9.0 14 Radial 0.761 0.903 —15.7 
23AA’ 0.49 7.8 26 Oblique 0.924 0.842 + 9.7 
23BB’ 0.49 8.4 25 Oblique 0.929 0.848 + 9.6 
24AA’ 0.38 6.7 30 Radial 0.662 0.679 — 2.5 
24 BB’ 0.37 6.5 31 Radial 0.67 0.67 0.0 
25 AA’ 0.43 6.4 13 Radial 0.734 0.740 — 0.8 
25BB’ 0.43 6.5 17 Radial 0.732 0.744 — 1.6 
26AA’ 0.46 6.3 33 Radial 0.700 0.7 —10.7 
26BB’ 0.43 6.1 34 Radial 0.656 0.740 —11.4 
27AA’ 0.53 6.7 14 Oblique 0.790 0.886 —10.8 
27 BB’ 0.52 6.8 12 Oblique 0.793 0.874 — 9.2 
28AA’ 0.59 6.4 7 Radial 0.793 0.981 —19.2 
29AA’ 0.53 6.3 10 Radial 0.767 0.883 —13.2 
30AA’ 0.64 6.8 18 Radial 1.002 1.060 — 5.5 
30BB’ 0.68 6.4 23 Radial 1.045 1.109 — 5.8 
31AA’ 0.51 6.3 24 Radial 0.787 0.851 — 7.5 
31 BB’ 0.51 5.7 23 Radial 0.769 0.836 — 8.0 
32AA’ 0.61 6.0 9 Radial 1.025 1.005 + 2.0 
32BB’ 0.63 6.2 12 Radial 1.048 037 + 1.1 
33AA’ 0.50 5.8 22 Oblique 0.723 0.833 —13.2 
Species average 


Errect AssociaTED WITH SPECIES 


based upon tests conducted independently by F. B 


. Rowley and the author. 


as compared with extreme limits for average deviations in pre- 
vious work (4) of —14.4 per cent and +10.8 per cent for two 
different species when more than a single determination was 
involved. 


The average deviation from alignment-chart values for each 
of the species involved in these tests appears in Table 1. Al- 
though their reliability may be subject to some doubt because 
of the small number of specimens tested (with the exception of 
Douglas fir), the magnitude of these average deviations for 
individual species compares closely with the results of previous 
work. Average deviations here are shown to vary from —18.2 
per cent for silver fir to +5.3 per cent for Alaska yellow cedar, 


Sitka spruce, silver fir, and Douglas fir represent a closely 
related group of species to which the following statement was 
previously applied by the writer (4): “In general, coniferous 
wood of moderate growth from such species as Engelmann 
spruce, Sitka spruce, western hemlock, lowland white fir, white 
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fir, and Douglas fir averages from five to fifteen per cent lower in 
transverse conductivity of heat than would be anticipated from 
a consideration of density and moisture content alone.” In 
the case of Douglas fir, a representative group of specimens of 
which was tested, the average deviation for the species is shown 
to be —7.7 per cent based on 39 tests, whereas 19 tests con- 
ducted previously indicated an average deviation for this species 
of —9.3 per cent. The near equality of these values serves to 
confirm the statement quoted earlier in this paragraph. 

The transverse-conductivity data shown in Table 2 indicate 
that deviations within an individual species are fully as pro- 
nounced as those which for want of further evidence may tenta- 
tively be said to be characteristic of individual species. Douglas- 
fir specimen No. 14 AA’, for example, showed a negative devia- 
tion of 25.7 per cent from the alignment-chart value, while 
specimen No. 23 AA’ of the same species deviated by a positive 
9.7 per cent from the predicted value for conductivity. An 
attempt to correlate these deviations for all of the Douglas-fir 
specimens, first, with specific gravity, and second, with rate 
of growth (number of annual rings per inch), met with no success. 

For practical purposes, the alignment chart, Fig. 1, appears 
to offer a reasonably satisfactory method of arriving at an ap- 
proximate value for transverse heat conductivity of wood of 
any species on the basis of these additional tests. Somewhat 
greater accuracy may be obtained by adjusting the alignment- 
chart value by the average percentage deviation for the individual 
species in the case of those woods for which this value is available 
(Table 1). For greater refinement in predicting conductivities, 
further information is necessary. 


EFFECT OF FIBRILLAR ORIENTATION 


Although fibrillar declination has been shown to influence the 
transverse heat conductivity of wood (20) the evidence available 
heretofore was insufficient completely to define this relationship. 
The present study was confined to the Douglas-fir specimens and 
consisted in the correlation of deviations in transverse conduc- 
tivity with mean fibrillar slope. Inasmuch as the mean devia- 
tion for Douglas fir was determined as —7.7 per cent, this value 
was designated as normal for the species and the scale of devia- 
tions was adjusted accordingly. Fig. 5 shows the straight-line 
relationship between adjusted-deviation percentage and _ sine 
of fibril angle in graph form. 

In consideration of these results there naturally arises the 
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question: Is this observed relationship actually one of cause 
and effect or is fibrillar orientation merely a visible evidence of 
some other characteristic of the cell wall? May not changes in 
chemical make-up of the cell wall actually be the cause of the 
greater transverse heat conductivity at greater fibrillar 
declinations from the longitudinal axis? The next phase 
of the study was undertaken in part to answer these ques- 


tions. 


LONGITUDINAL-TRANSVERSE Ratios 
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The data resulting, from the series of longitudinal-con- 
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ductivity tests on Douglas fir are presented as longi- 
tudinal-transverse conductivity ratios in Fig. 6 which 
shows the relationship existing between conductivity ratio 


and sine of fibrillar declination for this species. The 
curve was fitted to the data by the method of least squares 
and its correlation index 0.902 indicates a high degree of 


w 


correlation between these two variables. Over the range 
of mean-fibrillar-angle values observed in the tests (3 to 


CONDUCTIVITY DEVIATION IN PERCENT 
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34 deg), the ratio of longitudinal to transverse conductivity 
may be seen to vary in a regular manner from 3.80 to 2.28. 
This range of conductivity-ratio values is nearly as wide 


40 40 


30 
SINE OF FIBRIL ANGLE 


Fie. 5 Errect or Fisrin ANGLE Upon Deviation From ANTICI- 


PATED TRANSVERSE-CONDUCTIVITY VALUE FOR DovuGtas Fir 


for Douglas fir alone as that found in the entire data cov- 
ering eight different species. 

The correlations shown between deviation from normal 
transverse conductivity and fibril angle in Douglas fir, 
Fig. 5, and between conductivity ratio and fibril angle, 
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Fig. 6, in the same species provide the necessary information for 
a graphic representation of the relationship existing between con- 
ductivity ratio and departure from normal values for transverse 
conductivity in this species. The curve, Fig. 7, indicates clearly 
the manner in which conductivity ratios may be employed as an 
aid in estimating transverse-conductivity values of specimens of 
Douglas-fir wood. 


CONCLUSIONS 


The applicability to additional species of the previously 
determined relationship, Fig. 1, between transverse heat con- 
ductivity and specific gravity and moisture content for wood in 
general is confirmed by the results of this study covering a fairly 
wide range of specific gravity (0.36 to 0.66) in eight different 
species. Specific gravity and moisture content alone, however, 
are not sufficient to account completely for observed results. 
In the present study certain influences induced by characteristics 
inherent within species are again indicated although their nature 
is not completely known. Because of the small number of tests 
on which most of the species averages are based, these could 
easily be discounted as failing to be truly representative. The 
larger basis for the —7.7 per cent average departure of Douglas 
fir, however, cannot be so regarded. Although for practical 
purposes the tentative acceptance of average deviations for 
individual species from alignment-chart values is proposed 
(Table 1), experience suggests that similarly to Douglas fir and 
other species which have been thoroughly studied in the past 
further investigation will reveal a wide range of deviations within 
each species. In Douglas fir, at least, these variations are 
independent of specific gravity and rate of growth as shown by 
these data. 

Subject to the same variation within species is the ratio of 
longitudinal transverse conductivites. Although not 
appearing in this paper, data collected in this study show that 
for all species tested there is a general relationship between 
longitudinal-transverse conductivity ratio and deviation from 
the alignment-chart value for transverse conductivity. Mini- 
mum values of the conductivity ratio are associated with the 
greatest positive deviations from the alignment chart. This 
relationship is considerably improved when data of the hard- 
woods are excluded or, as shown in Fig. 7, when limited to the 
results of tests on Douglas fir alone. 

Finck’s (8) explanation for fibrous materials of a greater 
conductivity parallel with the direction of the fibers, when these 
were oriented in a specimen, fails to account for these observed 
facts as the arrangement of the cell walls and air spaces remains 
constant. The average ratio of longitudinal to transverse 
conductivity for Douglas fir, for example, is nevertheless very 
close to the ratio (3 to 1) that he observed. Whatever may be 
the other influences which produce a difference between longi- 
tudinal and transverse conductivities in fibrous materials as 
determined by Finck, it seems highly probable that the aniso- 
tropic character of the fiber walls themselves is at least partly 
responsible for the observed differences. 

That the variation in longitudinal-transverse conductivity 
ratios is closely associated with the orientation of fibrils in the 
cell wall of Douglas fir is evidenced by the curve in Fig. 6. The 
ratio of longitudinal to transverse heat conductivity decreases 
with an increase in fibril slope. This evidence is in agreement 
With that obtained from transverse-conductivity determinations, 
Fig. 5, and shows that the anisotropic character of the fibrils, 
and of the crystallites of which they are composed, predomi- 
nantly influences the differential conductivity of wood in the 
longitudinal and transverse directions. By measurement of 
the variation in fibril orientation, and the consequent effect of such 
variation upon the conductivity of heat, the theories that have 
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been advanced by Kollmann (6) and Forsaith (9) to explain the 
greater longitudinal conductivity are substantiated. 

There appears to be a widely held belief that the peculiarities 
of compression wood may be caused by its abnormal chemical 
composition. This hypothesis is based upon analyses which 
show that typical compression wood includes a greater than 
normal lignin content, whereas the percentage of cellulose is 
at the same time reduced. Im so far as heat conductivity is 
concerned, an increased percentage of nearly isotropic lignin 
could not account both for the increased transverse conductivity 
and the decreased longitudinal conductivity observed in speci- 
mens of high fibrillar-angle characteristic of compression wood. 
Although this fact might be explained on the basis of a reduction 
in the percentage of longitudinally directed anisotropic cellulose, 
such an assumption is not valid as the varying orientation of the 
cellulose fibrils themselves has been proved and is sufficient to 
account for the observed conductivity effects. 

Transverse-conductivity deviations in Douglas fir are so 
greatly dependent upon variations in fibril slope, Fig. 5, that 
there is a strong possibility that no other factors operate to 
influence this property. The data indicate that an average, or 
normal, fibril declination in Douglas fir is between 14 and 15 
deg, as measured from the longitudinal axis. Specimens char- 
acterized by a lower fibrillar slope exhibit transverse-conductivity 
deviations as much as 15 per cent below that of normal wood, 
and those with a greater fibrillar slope, in contrast, show positive 
conductivity deviations exceeding those anticipated for normal 
wood by an equal amount. Even greater positive departures 
may be anticipated from specimens of typical compression wood. 
A previous study (20) indicated that similar relationships exist 
with respect to the wood of other coniferous species. 

The influence of fibril angle upon transverse conductivity of 
heat may be the chief factor responsible for average deviations 
by individual species recorded in Table 1. That certain species 
may be generally characterized by a low or high average fibril 
declination does not conflict with the recognized fact that 
in any species there will still remain a distribution of angular 
values about that average. Information available at present 
is not sufficient to prove conclusively whether other species 
characteristics are involved. 

The close relationship which is shown between conductivity 
ratio and fibrillar angle for Douglas fir, Fig. 6, permits the 
substitution of this convenient test for the tedious microscopic 
measurement of fibril declination in future investigations into 
other properties of wood dependent upon this particular struc- 
tural feature. 

Compression wood has long been recognized as a serious type 
of defective wood occurring irregularly in the timber of coniferous 
species. Pronounced compression wood is weak in proportion 
to its weight; it shrinks longitudinally and is difficult to work 
with tools. Extreme types of compression wood are readily 
recognized at sight but the less pronounced forms are trouble- 
some in manufacturing and wood-using practice. Micro- 
scopically, compression wood can be identified by the high 
fibrillar slope which it exhibits as compared with the low declina- 
tion of the fibrils in normal wood. Measurement of fibrillar 
declination and of the heat-conducting properties which have 
been shown in this study to be closely correlated indicates that 
variation in fibrillar angle is normal in wood. Specifically in 
Douglas fir, fibrillar slope and these properties dependent upon 
fibrillar slope have been found to vary continuously throughout 
a wide range of values. This aids in confirming evidence from 
other studies to the effect that compression wood is not a dis- 
tinctly different type of wood, but merely an example of an 
extreme form of normal variation. 

Microscopic examination of wood specimens for the detection 
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of compression wood is tedious and in most instances impractical. 
The close correlation of conductivity ratios with fibril declination 
makes possible the use of this relationship as an indirect method 
of detecting compression wood. The continuous nature of the 
relationships which have been found between fibril angle and 
various properties of wood indicates the cause of much of the 
variation in the mechanical properties of so-called ‘normal’ 
wood and suggests the application of conductivity ratios as a new 
technique in the selection of various qualities of wood for 
specialized uses. 

The determination of the foregoing relationships has been 
confined to the thoroughly air-dry wood of Douglas fir. The 
extension of these principles to this wood at different moisture 
contents and to additional species, although undoubtedly feasible, 
requires further investigation. 


SUMMARY 


Although specific gravity and moisture content of wood are 
the chief factors affecting transverse conductivity of heat, 
average departures from this relationship have been determined 
for a representative group of species and their tentative accept- 
ance for practical purposes is proposed. The orientation of 
fibrils in the cell walls of wood is shown to account for the greater 
part of the variation about conductivity values anticipated on 
the basis of specific gravity and moisture content in Douglas fir. 
Similar relationships have been found to exist with respect to 
the wood of other coniferous species; in fact, the influence of 
fibril angle upon transverse conductivity of heat may be the 
chief factor responsible for the average deviation from antici- 
pated values found for most, if not all, of the individual species 
studied. 

Variation in longitudinal-transverse conductivity ratio is also 
closely related to fibril orientation and definitely substantiates 
theories previously advanced to the effect that the anisotropic 
character of the fibrils predominantly influences the differential 
conductivity of wood in the longitudinal and transverse direc- 
tions. At least in so far as heat conductivity is concerned, the 
high fibrillar-angle characteristic of compression wood, not 
abnormal chemical composition, accounts for the abnormal 
properties of this type of defective wood. 

The close relationship shown between conductivity ratio and 
fibrillar angle for Douglas fir suggests a new technique applicable 
to future investigations into other properties of wood dependent 
upon this particular structural feature, heretofore only deter- 
minable by tedious microscopic or X-ray measurement. Longi- 
tudinal-transverse conductivity ratios are also proposed for 
application in the selection or segregation of various qualities 
of wood for specialized uses, particularly for the detection of 
mild compression wood. 
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Discussion 


H. L. Henperson.* The author points out that earlier re- 
searches by other investigators indicated that heat is conducted 
parallel with the grain at a rate from 2 to 3 times as fast as across 
the grain or transversely, varying with different species of wood. 
The reason for this phenomenon is attributed to the theory that 
the cell walls which run longitudinally consist of long chains of 
glucose-anhydride units which compose the cellulose. These 
chains being bound together by molecular energy transmit heat 
more rapidly in a longitudinal direction. 

He points out also that his researches indicate that heat is con- 
ducted radially in hardwoods at a substantially faster rate than 
tangentially, while in softwoods it is the reverse. This is ex- 
plained by the fact that hardwoods have about twice the wood- 
ray volume found in softwoods, hence there are more wood cell 
walls running directly from the center to the outside of the tree to 
conduct heat. 

Cell walls, he says, are composed of aggregates of fibrils running 
generally in the long axis and these are tilted at varying degrees. 
When the orientation of these fibrils is less than 14 deg, the rate of 
heat conductivity is below normal in a transverse direction. 

The author goes into considerable detail in explaining his 
technique in gathering his information and shows several photo- 
micrographs illustrating the difference in fibril angles in spring- 
wood and summerwood of Douglas fir. He shows in Table 2, the 
results of transverse-heat-conductivity determinations in Doug!as 
fir as they are affected by direction of grain, while in Table 1 he 
shows the variation between a great many species in transverse 
heat conductivity. 


3 Associate Professor of Forest Utilization, New York State Col- 
lege of Forestry, Syracuse, N. Y. 
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Several curves picture the effect of fibril-angle deviation from 
anticipated transverse-conductivity values of Douglas fir, the 
longitudinal transverse-conductivity ratio and the relationship be- 
tween deviation from normal transverse-conductivity value and 
longitudinal transverse conductivity. 

In conclusion, he emphasizes that the many tests made on 
Douglas fir are sufficient to prove that these variations are inde- 
pendent of specific gravity and rate of growth while for the eight 
other species studied future tests might show more variation from 
his results due to the small number of tests made. 

He minimizes the effect that compression wood might have on 
heat conductivity and states: ‘“Transverse-conductivity devia- 
tions in Douglas fir are so greatly dependent upon variations in 
fibril slope, Fig. 5, that there is a strong possibility that no other 
factors operate to influence this property.” 

Finally, in closing, the author ventures to predict that certain 
abnormal growths of wood which sometimes make it defective 
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for certain uses might be detected by the heat-conductivity tests 
instead of the longer and more tedious determinations by micro- 
scope or X ray. 


AvUTHOR’S CLOSURE 


Professor Henderson has summarized the principal points 
discussed in the original paper. Two statements, however, 
apparently need clarification. The writer found that radial 
conductivity was significantly greater than tangential con- 
ductivity in hardwoods. In the softwoods the conductivities 
in these two directions were found to be essentially the same. 
Professor Henderson states that the author has minimized the 
more 
accurate interpretation would be that evidence was presented 
to indicate that the abnormal heat-conducting properties of 
compression wood are the result of its characteristic high fibrillar 
angle rather than its abnormal chemical composition. : 


effect of compression wood on heat conductivity. A 
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Combined Firing of Coal and Natural 
Gas on Stoker-Fired Units 


By H. L. CRAIN,! KANSAS CITY, MO. 


For reasons of economy, increased capacity, and the 
possibility of improving operation when only inferior coals 
were available, the Kansas City Power & Light Company, 
in 1937, installed natural-gas burners in three of the chain- 
grate stoker-fired boilers at its Grand Avenue Station, to 
supplement coal firing. Later, additional boilers were 
equipped, the last two installations being made in 1941. 
Over the period of operation, the average use of gas at this 
station has represented 25 to 30 per cent of the fuel re- 
quirements. The reasons leading to the adoption of this 
combined firing system are outlined in the paper, as well 
as the details of the installations and the operating re- 
sults achieved. 


HE availability of natural gas for purchase on a dump 

contract at an attractive price was the basic reason for 

installation of gas-burning equipment in 1937, under three 
boilers at the Grand Avenue Station of the Kansas City Power 
& Light Company. Desirable features, other than fuel costs, 
were considered. It was anticipated that the maximum boiler 
capacity, with existing draft equipment, could be increased and 
that dependable boiler capacity could also be increased at times 
when inferior grades of coal were burned. It was not planned to 
replace coal with natural-gas fuel but to supplement coal firing 
with gas by burning both fuels simultaneously. The major 
portion of the gas was to be burned in the summer; however, 
some gas was to be available for 10 months per year with 12- 
month service a possibility. The sale of gas on such a contract 
was advantageous to the local gas-distributing company, as it 
would result in an improvement in the load factor, which was 
high in winter and low in summer due to seasonal use of an 
unusually large number of domestic-heating customers. The 
contemplated installation was to be made on Combustion En- 
gineering Company Ladd type steam-generating units of 
225,000-Ib per hr capacity each. These boilers were designed 
to burn 1'/,-in. Missouri coal screenings on foreed-draft chain- 
grate stokers of 528 sq ft area (24 ft 22 ft), using a preheated- 
air temperature of 350 F (Fig. 1). 


ComBustTIon TrovuBLES From INFERIOR GRADES OF COAL 


Coal was supplied from strip-pit mines in the west central part 
of Missouri and contained approximately 11 per cent moisture, 
17 per cent ash, 3 per cent sulphur, 31 per cent volatile, 41 per 
cent fixed carbon, and 10,500 Btu per lb as received from the 
mines. No trouble was experienced when burning coal of this 
quality. However, inferior grades of coal were received at 
times, particularly in the winter season when the residential 
consumption was high and on occasions when new seams were 
opened and foreign material was unavoidably included in the 
shipments. 


' Plant Results Engineer, Kansas City Power & Light Company. 
Mem. A.S.M.E. 

Presented at the Sixth Annual Meeting of the Fuels Division, 
of Tue American Society oF MECHANICAL ENGINEERS, and the 
Coal Division of the American Institute of Mining and Metal- 
lurgical Engineers, St. Louis, Mo., Sept. 30-Oct. 1, 1942. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


On these occasions clinker trouble was experienced on the 
stokers. Huge slabs of a heavy fused mass of refuse would be 
conveyed to the ash pits, resulting in decreased ratings, higher 
ash-pit loss, and lowered boiler efficiency. It was impossible 
to clear up the trouble except by reducing the boiler rating fur- 
ther and running the coked fuel bed into the pits. Combustion 
of this poorer grade of coal also resulted in dirtier heat-absorbing 
surfaces and increased preheated-air temperature to the stokers, 
which in turn aggravated the coking process. While it was 
possible to use preheated-air temperatures of 400 to 450 F with 
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the better coal, at times the maximum usable air temperature to 
prevent coking with the inferior grades did not exceed 300 to 
350 F. For better control of air temperature, air by-passes were 
installed around the air preheaters, and some time later water 
sprays, discharging onto the stoker just ahead of the coal hoppers, 
were installed to cool the grates. The combination of air by- 
passes and water sprays reduced the coking difficulties with no 
apparent detrimental effect on the stokers but at the expense of 
stack temperature. 

In addition to coking trouble, poor ignition of the inferior- 
quality coal resulted in lowered dependable boiler capacities. 
On one occasion three boilers of 225,000-lb per hr capacity each 
could not pull a 280,000-lb per hr steam load, and a fourth 
boiler was required to maintain the steam pressure. This was 
with coal of 9100 to 9500 Btu per lb heat content. While this 
condition is extreme, the capacities of the boilers have been 
limited by coal quality to 175,000 lb per hr on numerous occasions. 
It is not to be inferred that the limitation on maximum ratings 
existed at all times, since with good-quality coal, ratings of 
220,000 lb per hr could be carried. Washed coal gave excellent 
results and 50 per cent washed coal was very satisfactory; how- 
ever, it was not always available. 

The proposed use of gas fuel was not expected to result in 
increased capacities and noncoking conditions at all times, as gas 
was to be purchased on a dump basis and the station was subject 
to having the gas supply cut off at an hour’s notice. Also, there 
was the possibility in extremely cold weather that gas would not 
be available for a period of 2 months and at a time when it 
would be very desirable. However, its use was expected to re- 
sult in increased dependable capacities, when it was available, by 
reducing the rate of coal burning on the stokers. 


First Gas-BuRNING EQUIPMENT INSTALLED 


The first installation of burner equipment consisted of four 
sets of three burners each, arranged in line across the rear boiler 
wall, at a height of approximately 11 ft above the stoker and just 
above the throat of the combustion chamber, Fig. 2. The 
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burners were of the fishtail type, made of 3-in. 18-8 stainless- 
steel tubing, set between the waterwall tubes and directed up- 
ward at an angle of 22'/, deg to the horizontal. There was no 
provision for premixing of gas and air for combustion ahead of 
the burners, and the air supply was through sets of stainless-steel 
louvers surrounding each group of burners. There was a divided- 
duct arrangement for each group of burners, consisting of one 
large and one small area with manual damper control for air 
regulation, Fig. 3. 

In operation, the direction of the burners and louvers resulted 
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Fig. 3) BurNeER AND Atr-Duct Layout 


in too high a temperature in the superheater zone, and after 
numerous trial settings, the burner tips were finally rotated 180 
deg to a downward direction, the air louvers being set to direct 
the air above the burners downward and that below the burners 
horizontally. This resulted in satisfactory furnace conditions. 

Some difficulty was also experienced in gas regulation at low 
gas flows, which was attributed to large gas-burner area. Con- 
sequently in the installation in the second boiler the area was 
reduced by replacing the twelve 3-in. burners with sixty 1-in. 
size, giving a reduction in burner area of 45 per cent. This was 
accomplished by replacing each large burner with a vertical 
header containing five of the smaller burners. In the original 
installation, the center burner of each group was blanked off with 
a corresponding reduction in burner area of 33!/; per cent. 
Since both methods improved gas regulation with no distinct 
advantage of one over the other, the latter method was used in 
the third boiler. In any of the three boilers, operation may be 
with one to four sets of burners, but normal operation is with two 
sets at low gas flows and four sets at high gas flows. 


FInaL INSTALLATION MapDE IN 1941 


The extension of gas-burning equipment to two additional 
boilers was made in 1941. These installations were somewhat 
different from the one originally made, because of construction 
difficulties and available space. In one boiler, 24 burners were 
arranged in two groups of 12. There were four horizontal rows 
of three burners each per group. The two upper rows and the 
two lower rows were controlled separately, thus allowing the use 
of either 12 or 24 burners, depending upon the requirements. 
In the other boiler, the arrangement was with 20 burners in two 
groups of 10, with two rows of 5 each per group. Upper and 
lower rows were likewise controlled separately. All burners in 
both boilers were of the fishtail type made of 1'/2-in. pipe with 
18-8 stainless-steel tips welded on the end and directed down- 
ward 30 deg to the horizontal. Air supply for combustion was 
essentially the same as in the first three installations except for 
changes in duct arrangement required by space limitation. 

In all boilers the gas flow is controlled by pressure-balanced 
regulating valves. Burner pressures range up to 25 in. of water 
on the first three installations and up to 60 in. on the latter twe 
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CRAIN—FIRING OF COAL AND NATURAL GAS ON STOKER-FIRED UNITS 


which have less burner area than the former. Gas-main pressures 
are normally from 10 to 15 psig. Gas measurement for billing 
purposes is made by Wescott concentric-type orifice meters and 
corrected to a base of 14.65 psia, at 60 F and 0.675 specific 
gravity. Heat content is approximately 1040 Btu per cu ft as 
determined with a Junkers-type calorimeter. 

Available gas ranges from zero to 30,000,000 cu ft per day total 
for the Grand Avenue and Northeast Stations and is distributed 
between the two plants on an economical and practical basis. 
The maximum flow is equivalent to approximately 1500 tons of 
coal and represents about 75 per cent of the fuel requirements 
of the two stations. The maximum gas consumption on any 
one stoker-fired boiler has been 256,000 cu ft per hr, and the 
maximum boiler rating obtained, 255,000 Ib per hr. This 
represents 75 per cent of the total fuel requirement being supplied 
by gas and 25 per cent by coal, which is the minimum quantity of 
coal burned on the stoker when using gas. The average use of 
gas on stoker-fired boilers has been 25 to 30 per cent of the total 
fuel. When the amount of gas is limited, it is used preferably on 
swing boilers with coal as the base fuel, since swinging with gas 
gives the faster response to load fluctuations. 


MetTuop oF MEASURING COMBUSTION OF THREE FUELS 


Proper combustion of the combined fuels is gaged by three 
methods, i.e., smoke observer, periodical flue-gas analysis by 
Orsat, and curves to determine the desired steam flow—air flow 
relation with Bailey boiler meters, for variable amounts of gas. 
Fuel-air ratios have been calculated on the basis that gas can be 
burned with approximately 15 per cent excess air, and coal on 
stoker units with approximately 40 per cent. All combustion 
calculations and operating guides have been based on a fuel-bed 
thickness of 6 in. and a stoker speed of 7.6 fph. This is the 
minimum speed at which the stokers can operate, and 6 in. of 
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fuel provides sufficient coal on the stokers for protection against 
overheating. 


The combined firing of coal and gas is satisfactory in all re- 


spects. From a load-handling standpoint it is very flexible and 
convenient. When gas is available, dependable boiler capacities 


are increased, and maximum capacities with existing draft 
equipment are increased 25,000 to 35,000 lb per hr per boiler. 
The use of gas helps ignition of poor-quality coal and relieves 
coking troubles by reducing the rate of coal burning and by 
reducing air temperature to the stoker. The lower air tempera- 
ture is a result of cleaner steam- and water-heating surfaces. 
The use of gas has eliminated the necessity of using the air by- 
passes on the air preheaters. Another favorable item is the 
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reduced time for bringing a boiler on the line in an emergency. 
Fig. 4 shows the rating pickup with gas, from a banked boiler to 
225,000 lb per hr in approximately 7 min. This load on the 
boiler existed for only a few minutes but could have been main- 
tained much longer if it had been necessary. 


Resutts ATTAINED WitH Gas FuEL 


The burning of 1,350,000,000 cu ft of gas fuel on stoker-fired 
units in 1941, or 25 per cent of the total fuel requirements at 
Grand Avenue Station, resulted in the following: 


1 No change in average monthly efficiency over burning 
coal alone. 

2 No change in banking losses. 

3 Comparable base-fuel costs. 

4 Reduced fuel-handling labor costs. 

5 Reduced maintenance on fuel-handling and burning 
equipment. 

6 Reduced power consumption on fuel-handling and burning 
equipment. 

7 Increased steam temperature. 


There was no reduction in average monthly boiler-operating 
efficiency, as would normally be expected when burning gas, due 
to increased hydrogen and moisture losses. However, calculated 
test efficiency with boilers thoroughly cleaned before tests do 
show a decrease in boiler efficiency with the use of gas (Fig. 5). 
The fact that no reduction in operating efficiency was experienced 
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over periods of time is attributed to the fact that the use of gas 
resulted in cleaner boilers and better heat transfer as well as 
lowered ash-pit losses, which offset increased hydrogen losses. 
At Grand Avenue Station, the practice of holding boilers on a 
bank with gas fuel is not followed as it is desirable to maintain 
a bed of coal on the stokers, even during banking periods. How- 
ever, results obtained at Northeast Station, where gas is used for 
banking on strictly gas-fired boilers, indicate that a considerable 
saving can be made in this manner. 

One unexpected result of the gas installation was increased 
steam temperature. In spite of the reduced amount of flue gas 
obtained by burning gas, the steam temperature increased ap- 
proximately 15 F at a normal rating of 150,000 lb per hr. Fig. 6 
shows the average monthly steam temperature for the years 
1936 and 1938, the year previous to and the year following the 
original gas installations. This increased steam temperature is 
attributed to the location of the gas burners, which were high 
enough in the furnace to increase the gas temperature in the 
superheater zone. 

Following the results obtained on steam temperature, it was 
decided to try the use of small gas burners near the top of the 
combustion chamber, for steam-temperature control at times 
when minimum amounts of gas were available. Fig. 7 shows 
the installation of twelve '/2-in. burners distributed uniformly 
across the front of a boiler and projecting through small lancing 
doors. Air was admitted through the lancing doors for purposes 
of combustion but there was no control of the amount of air 
which was undesirable. However, a 15 F rise was obtained in 
steam temperature at a rating of 150,000 lb per hr when burning 
16,000 cu ft of gas per hr (Fig. 8) at the superheater. No gas 
was used through the main burners during this check. The use of 
a controlled preheated-air supply should offer even greater 
possibilities for steam-temperature control. This has not been 
tried as yet but has been contemplated. 

The results attributed to the use of gas fuel discussed in this 
paper apply only to Grand Avenue Station, and it must be 
borne in mind that results to be obtained elsewhere, under differ- 
ent conditions, may vary considerably. 

While the use of gas fired simultaneously with coal has proved 
very satisfactory both from an economic and operating stand- 
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point, there is the possibility now that, in the near future, gas 
will not be available for such usage in this area. However, its 
use in Grand Avenue Station after the war is contemplated in 
greater amounts. 


Discussion 


E. R. Fisu.?. This paper and one by W. C. Schroeder® are both 
pertinent to the present national conditions, but there are certain 
features in connection with the use of such fuels that merit com- 
ment. However, they are not ordinarily given the consideration 
they deserve. 

Where gas and oil have been used as boiler fuels, there have 
been numerous cases of more or less disastrous furnace explosions, 
more so in connection with gas than with oil. It has happened all 
too frequently that for some reason or other explosive gas mix- 
tures have formed in boiler furnaces and have been ignited by 
some means or other with a resulting explosion. There are many 
cases where large property damage has been caused, and in all too 
many cases loss of life and personal injuries have accompanied the 
explosion. 

Oil leaking into a boiler furnace and remaining for a period of 
time gradually evaporates. If the furnace happens to be hot, the 
rate of evaporation is greatly increased over the rate that occurs 
in a cold furnace. It is comparatively easy for an explosive mix- 
ture to be formed. 

There have been many instances where fuel gas has leaked into 
a furnace and an explosive mixture formed and from some source 
or other has become ignited. 

With both fuels, it sometimes happens that the flow is inter- 
rupted whereby the flame is extinguished, and, when the flow has 
resumed, ignition was not effected quickly enough to forestall the 
formation of an explosive mixture which is likely to be ignited 
later. 

In most plants using these fuels more or less elaborate instruc- 
tions have been given covering the precautions which must be 
taken in lighting off and describing what should be done in the 
case of the accidental extinguishing of the fire. 

It is not at all unlikely that when combinations of fuel such as 
are treated in these papers are attempted, the operating 
personnel will be “solid-fuel-minded” and relatively ignorant of 
the peculiarities of gaseous or liquid fuels. It is therefore very 
necessary that particular attention be paid to the additional 
training and instructions that such personnel should receive if 
the described combination fuel firing is installed 

It seems hardly necessary to do more in this discussion than 
to draw attention to the possibilities of accidents of the kind 
mentioned. Operating instructions are readily obtainable through 
various sources. 


JosepH GERSHBERG.‘ Increase in steam temperature result- 
ing from the combination of coal and gas firing described in the 
paper presents an interesting contrast with the writer’s experience 
in the use of overfire oil in the stoker-fired boilers at one of the 
power stations of the company with which he is associated. 

To prevent smoke during heavy loads on these boilers, oil was 
injected through three burners located in the narrow central 
portion of the rear furnace wall, about 15 ft above the extension 
grates of the underfeed stoker. Whenever this was done, the 


2? Chief Engineer, Boiler Division, The Hartford Steam Boiler 
Inspection and Insurance Company, Hartford, Conn. Fellow, 
A.S.M.E. 

3“Use of Mixtures of Oil and Coal in Boiler Furnaces,” by 
W. C. Schroeder, Mechanical Engineering, November, 1942, pp. 793- 
798, 804. 

4 Division Engineer, Brooklyn Edison Company, Inc., Brooklyn, 
N.Y. Mem. A.S.M.E. 
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CRAIN—FIRING OF COAL AND NATURAL GAS ON STOKER-FIRED UNITS 


steam temperature would drop rather excessively below the nor- 
mal value obtained for the same load without the use of overfire 
oil. This behavior is believed to be due to the more complete 
combustion of the coal “volatiles” near the fuel bed, produced by 
their mixing with the lean gases drawn toward them from above 
the ashpit by the high-velocity jets of the burning oil. Secondary 
combustion at the inlet to the superheater perhaps is greatly re- 
duced if not entirely eliminated. Under such conditions, for the 
same total heat released by the fuel, more heat will be absorbed 
by the water envelope of the furnace, with the result that steam 
will be produced at a greater rate but with a reduced steam tem- 
perature. 

Viewed similarly, the case of the paper seems to lose its contra- 
dictory aspect and rather supports the writer’s experience. Ac- 
cording to the author, the original upward direction of the burner 
tips and air louvers caused a too-high steam temperature, which 
was reduced by the subsequent 180-deg rotation of the tips and 
louvers. In the first instance, the combustion of the high-volatile 
matter from the coal and of the natural gas quite likely was not 
completed in the furnace. As a result, less steam was evaporated 
and its temperature was raised high by the superheater swept 
over by gases much hotter than normally. In the second instance, 
the combustion of gases in the furnace was improved and the 
duration of these gases inside the furnace was prolonged. There- 
fore, more heat was absorbed by the water envelope of the fur- 
nace, resulting in more steam evaporated with a lowered steam 
temperature. In comparing again this instance with that when 
no gas is burned, we observe that the difference in steam tempera- 
tures is brought about by the fact that the burning of the gas at 
the throat of the combustion chamber releases hotter gases at a 
higher level of the furnace. This condition, coupled with the 
possible upward push given by the gas and air jets at the throat, 
shortens the duration of hotter gases inside the furnace with the 
result that less steam of higher temperature is produced than 
when coal alone is burned. 

Further corroboration of this view is given in the paper by the 
marked raising of the steam temperature with twelve small] gas 
burners projecting through lancing doors at the top of the com- 
bustion chamber. Here 15 F increase in steam temperature is 
obtained while burning 16,000 cu ft of gas per hr which represents 
approximately only 8 per cent of the total heat, as compared with 
about 70 per cent required, according to Fig. 5 of the paper, for 
the same steam-temperature rise. 

To the author’s explanation of no reduction in operating ef- 
ficiency, it may be well to add the beneficial effect of reduction 
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in cinder loss when gas is used. At 200,000 lb per hr evapora- 
tion, coal when used alone is burned at about 50 lb per sq ft of 
grate surface. This is rather a high rate of burning for the type 
of coal used and is likely to produce a heavy cinder emission. 


AuTuor’s CLOSURE 


The author wishes to thank those who participated both in 
the written and oral discussion of this paper. 

Mr. Fish’s remarks on the hazards incident to the burning 
of liquid and gaseous fuels is very timely. Too many pre- 
cautions cannot be taken to eliminate conditions which might 
cause serious disasters when burning these fuels. 

In the installations covered in this paper, each gas header 
contains two sets of plug cocks between which are located the 
regulating valve and atmospheric vent. The vent line is piped 
to the outside of the building. Shutoff valves and metering 
equipment are also located outside the building. When a 
boiler using gas is taken out of service, both the plug cocks and 
the regulating valve are closed, and the vent line is opened to the 
atmosphere. Before workmen enter the setting, it is purged 
for 10 min with the induced-draft fan. Regulations prohibit 
smoking within the boiler setting. Just previous to lighting 
the fire in a cold boiler, it is again purged for 10 min. Since gas 
fuel is admitted to the furnace only when a coal fire exists in the 
furnace, torches are not used for lighting the gas burners. As 
long as the boiler is hot, gas pressure is maintained at the regu- 
lating-valve inlet. 

Mr. Gershberg’s discussion of the phenomena involved in the 
combustion of gas-fired overstokers, indicates that relative 
absorption of heat by superheater and boiler surfaces, and 
consequent steam-temperature rise, is a function of the level 
in the furnace at which combustion is completed. The author 
agrees with this and believes the type of burner used is partly 
responsible for the delayed combustion of the gas. The use of 
high-velocity turbulent burners would probably have caused 
more complete combustion at a lower level and less increase in 
steam temperature. 

In regard to the rate of coal burning, the furnaces and stokers 
were designed to burn approximately 60 lb per sq ft of grate 
area per hr. Cinder emission is not unusually heavy at the 
higher rates of coal burning, with Missouri coals. However, 
it is considerable with some Arkansas and Oklahoma coals. 

As noted in this paper, the probable discontinuance of the 
use of gas fuel in this installation has now become a reality 
as a result of the fuel-conservation program in this country. 
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Experience in the Use of Electrostatic 
Fly-Ash Precipitators 


By IRVIN G. McCHESNEY,! ROCHESTER, N. Y. 


This paper discusses several years’ experience with Cot- 
trell electrostatic fly-ash precipitators. Early rod-curtain 
electrodes were modified following model studies carried 
out by the Research Corporation, Bound Brook, N. J. 
The improved design uses punched plates for collecting 
electrodes. The solutions of other operating problems, in- 
cluding distribution of gas, flue corrosion, and the design 
of by-pass ducts, are considered. 


HE rod-curtain-type precipitator, developed by the Re- 
search Corporation, was an improvement over the older 
concrete-type precipitator, reducing cost, weight, and size. 
After initial success with the rod-curtain type in the cement in- 


Fic. 1 Internat Construction or A Rop-Curtain-Typp Cor- 
TRELL PRECIPITATOR 


dustry, a full-scale experimental installation was made at Sta- 
tion No. 3 of the Rochester Gas & Electric Corporation. The 
initial installation, put in operation in December, 1935, was 
rated at 106,000 cfm of flue gas at a temperature of 325 F. Since 


Engineer, Rochester Gas & Electric Corporation. Jun. 
A.S.M.E. 

Contributed by the Fuels Division and presented at the Fall 
Meeting, Rochester, N. Y., Oct. 12-14, 1942, of Taz AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


1935, five installations have been made at Station No. 3 with a 
total capacity of 650,000 cfm. 

The internal construction of the precipitator is shown in Fig. 
1 which is from a photograph taken during erection. Eight rod- 
curtain frames are suspended across each half of the precipitator. 
There are three banks of frames in the direction of gas flow, one 
in the front third, one in the middle, and one in the rear third. 
The ionizing wires are suspended between the tube frames. An 
external view of a completed installation is shown in Fig. 2. 


PERFORMANCE 


The initial performance of the rod-curtain precipitator was 
below guarantee. Poor performance was credited to arcing at 
high load and “‘blowing-through” of fly ash. 

Some of the arcing was due to swaying of the high-tension 
frames at high load. More rigid supports improved the condi- 
tion. Other attempts were made to reduce arcing by varying 
the voltage applied to various groups of ionizing wires. Half- 
and full-wave energizing were used. Some improvement was 
made by the installation of surge suppressors; also careful set- 
ting of all electrode clearances was found to be essential. 

The greater amount of blowing-through occurred in the lower 
part of the precipitator where heavy ash concentrations were 
found. Early attempts were made to reduce blowing-through by 
improving the gas distribution to the precipitator. Slight dif- 
ficulty was experienced in equalizing the gas flow in the horizontal 
breeching at the left of Fig. 2. There was considerable difficulty, 
however, in getting reasonably good gas distribution in the ex- 
panding section between the horizontal run of breeching and the 
inlet face of the precipitator. Three groups of vanes were in- 
stalled at the inlet of the expanding section. These vanes dis- 
tributed the gases horizontally and vertically. Air-velocity 
measurements were made across the face of the precipitator and 
vane settings were adjusted until fairly even distribution was ef- 


Fig. 2. Corrre.t Prectprrator INSTALLATION AT Station No. 3, 
Five Connections WiTH WEATHERPROOF INSULATION 
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fected. The results due to improvement in gas distribution 
were inconclusive. 


MopbeEt PreEcIPITATOR TESTS 


Model experiments were carried out in the spring of 1938 
by C. W. Hedberg and his associates of the Research Corpora- 
tion. A 4/2) scale model was installed in a small duct by-passing 
the full-scale precipitator. This model had a rated capacity of 
11,500 cfm. Fly-ash concentrations were normally in the order 
of 3 to 4 grains per cu ft of gas. During periods when soot blow- 
ers were operated the ash concentrations increased to 12 grains 
per cu ft. 

Many experiments were conducted varying the design of the 
electrodes, improving baffling to prevent gas flow through the 
ash hoppers, and varying the voltage applied to various banks of 
ionizing wires. 

In early experiments the middle and rear banks of rod curtains 
were covered with 5-mesh wire screen. Later, corrugated plates 
were used to cover the front bank of rod curtains. In the final 
design, all the rod curtains were covered on both sides with per- 
forated plates. The greatest single gain in performance was 
made as a result of improvement in baffling the bottom of the 
precipitator to prevent gas flow through the hopper and subse- 
quent re-entrainment of ash. 

Model efficiencies increased from 77 per cent at 10,500 cfm in 
the original design to above 90 per cent at 12,000 cfm after im- 
provements in electrode design and baffling had been made. 


ARCING STUDIES 


Experiments were made to determine the effect of arcing. 
Half-wave energizing greatly reduced arcing but there was little 
if any gain in efficiency attributable to the elimination of a nor- 
mal amount of arcing. Other experiments to control arcing and 
improve collection included reducing the energizing voltage in 
the front bank of electrodes and stepping up the voltage progres- 
sively in the middle and rear banks. 

At the conclusion of model experiments, three tests were made 
at 13,450 cfm and 325 F with an average efficiency of 93 per cent. 
These improvements indicated in model experiments were car- 
ried over to the full-scale installation with gratifying results. 
After changes were made in May, 1938, the performance under 
normal operating conditions averaged somewhat above 90 per 
cent efficiency. 


CORROSION OF BREECHINGS 


Precipitators were installed on the roof of the plant with un- 
insulated breechings. The breechings were fairly well protected 
from wind by ventilating monitors. The short section of breech- 
ing connecting the precipitator to the induced-draft fan corroded 
through in 3 years of service. The breeching was */; in. thick and 
more than 20 holes were found in it. All exposed breeching on 
Nos. 1 and 2 boilers was carefully inspected. In certain sections, 
including the stack connection, corrosion was serious. 

Tests were conducted to determine the most satisfactory 
method of preventing further corrosion of breechings. Some of 
the factors causing corrosion are listed in order of importance, as 
follows: 


1 Temperature of gases. 

2 Weather—snow, rain, wind, and low temperature. 
3 Amount of exposed flue area. 

4 Presence of charged particles in the gas stream. 


Gas temperatures leaving the economizer ranged from 225 F at 
one-third load to 325 F at full load. A temperature drop from 
the economizer to the precipitator of 40 to 50 deg occurred, vary- 
ing with the boiler load and weather conditions. An area of 3000 


144 TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1943 


sq ft of breeching was exposed in this connection. From these 
observations minimum gas temperatures were well in excess of 
the dew point. Breeching-metal temperatures and gas tempera- 
tures at the metal surface were largely dependent upon wind and 
weather, the most adverse conditions being snow and rain. Other 
conditions of low load, low outdoor temperature, and high winds 
were accountable for several periods when the breeching-metal 
temperature dropped below the dew point of the flue gases. 

Special apparatus was developed for dew-point measurement. 
Testing for dew-point temperatures was carried out over a period 
of several weeks with widely varying load conditions. Dew-point 
observations ranged from 110 F toa maximum of 115 F. The coal 
burned during the period of testing was Pittsburgh bituminous 
with a sulphur content of from 1'/2 to 2 per cent. 

The presence of charged particles in the gas stream leaving 
the precipitator had an effect on the rate of corrosion. Grounding 
of particles on the precipitator-outlet breeching were observed 
to cause current flow through the breeching metal. Corrosion of 
breeching metal was accelerated in the immediate vicinity of the 
precipitator outlet. 

Flue corrosion was entirely stopped by covering the breeching 
with No. 16 gage galvanized iron. The sheeting was fastened 
across the expansion joints of the breeching to form a smooth 
covering. The application is well illustrated in Fig. 2. During 
an 1l-day continuous test, following the application of gal- 
vanized sheeting, the breeching-metal temperature reached a 
minimum of 170 F. Several times, outdoor temperatures of 0 to 
10 F were observed during light-load periods. During the test 
interval, unprotected areas dropped to metal temperatures as low 
as 80 F. The inner face of unprotected metal was wet with cor- 
rosion progressing rapidly. 

All exposed breechings were then protected from weather by 
galvanized sheeting and the corrosion of breechings stopped. 


Asu Deposits IN BREECHING 


Early trouble was experienced with fly ash depositing on the 
floor of the breeching leading to the precipitator. Turning vanes 
were installed in the elbow connecting the vertical run from the 
economizer with the horizontal breeching. Gas velocities were 
equalized throughout the breeching cross section. This increased 
velocities along the floor of the breeching and reduced ash de- 


Fig. 3. Cotrre.t Precipirator INSTALLATION AT Station No. 8, 
SHowina Gas-Mix1nc CHAMBER AND BREECHING CONNECTIONS 
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posits. A hopper bottom was also installed in the expanding 
section immediately in front of the precipitator. Any adverse 
effect of ash deposits on the distribution of gas across the face of 
the precipitator was reduced by the installation of the hopper 
bottom. Ash deposits have been less troublesome since these 
changes were made. 
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or Gas-Mrx1nG CHAMBER, SHOWING ARRANGEMENT 
OF TURNING VANES AND PUNCHED PLATES 


PLAN OF PREcIPITATOR INSTALLATION AND ELEVATIONS OF Gas MIXER AT STATION No. 8 


PRECIPITATOR INSTALLATION AT STATION No. 


A single precipitator was installed on the roof of the central 
heating plant at Lawn Street in the fall of 1940. It serves three 
boilers and has a capacity of 135,000 cfm at 400 F. The installa- 
tion is shown in Fig. 3. Three ducts are shown entering the gas- 
mixing chamber in the foreground. The gas then passes through 
the precipitator to the stack. 

Gas enters the mixing chamber at three levels. Ducts from 
Nos. 2 and 3 boilers enter the upper and lower third from the 
left. A duct from No. 3 boiler enters the middle third from the 
right. Punched plates are installed between the upper, middle, 
and lower thirds of the mixing chamber. Each third is equipped 
with turning vanes to direct the gases through a punched plate 
to the precipitator inlet. The arrangement of punched plates 
and turning vanes in the gas-mixing chamber is shown in Fig. 4. 
A plan of the breechings, mixing chamber, and precipitator is 
shown in Fig. 5. 

Drart LimiraTIONs 


Station No. 8 was first put in service in October, 1925, and the 
third boiler was in service in December, 1927. The precipitator 
was installed many years after the last boiler. For this reason, it 
was necessary to locate the precipitator on the roof of the plant 
between the outlet of the induced-draft fans and the stack. The 
head loss available for carrying gases through the breeching and 
precipitator could not exceed the stack draft without developing 
positive pressures at the fan outlets. 

When the precipitator was first put in service, the gas passed 
through four successive punched plates. These plates were in- 
stalled to give even distribution of gas to the precipitator. In 
addition, the gas entering the upper and lower third of the mixing 
chamber was guided in partitioned ducts. These restrictions 
caused a positive pressure of 0.40 in. of water in the fan outlet at 
the roof at 70 per cent of rated gas flow. The capacity of the 
plant was considerably reduced by placing an additional head on 
the induced-draft fans. 
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Fic. 6 Vetocity TRAVERSES OF UPPER AND Lower IN- 
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Fic. 7 Frnat Vevocity TRAVERSES OF AND Lower INLETS 
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Before the heating season started, all the punched plates were 
removed from the breeching except one. This was located at the 
outlet of the gas-mixing chamber approximately 6 ft from the 
precipitator inlet. Partitions were removed from the breeching, 
and narrow turning vanes substituted. The removal of the 
punched plates caused poor gas distribution to the precipitator 
with consequent loss in operating efficiency. Measurements 
taken in February, 1941, indicated poor gas distribution with high 
velocities occurring near the bottom of the precipitator inlet. 


CoRRECTION OF Gas DISTRIBUTION 


After the heating season extensive tests were carried out by 
the Research Corporation to improve operating efficiency. Fol- 
lowing these tests hopper baffles were installed to prevent re- 
entrainment of ash. Velocities and dust concentrations were 
high in the lower portion of the precipitator. Turning vanes in 
the breeching and gas-mixing chamber were adjusted to get a 
fairly even distribution of gas across the inlet of the precipitator 
with appreciably lower velocities in the lower third. 

Distribution was studied by drawing air through the ducts and 
measuring velocity distribution. The distribution found in the 
upper and lower ducts is shown in Fig. 6. After adjusting turning 
vanes and removing minor obstructions the air distribution was 
improved. Distribution after a final setting is shown in Fig. 7. 
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Velocities were tapered down from the north wall to the south wall 
to reduce velocities along the east side of the precipitator inlet. 

Air distribution was improved by adjustments made in the 
upper and lower inlet ducts. After these adjustments the dis- 
tribution at the mixing-chamber outlet is shown in Fig. 8. High 
velocities still existed along the east side of the precipitator. After 
several adjustments the final vane settings in the mixing cham- 
ber gave satisfactory flow distribution. Distribution following 
the final vane settings is shown in Fig. 9. Velocities were re- 
duced in the lower third of the precipitator inlet to reduce the 
amount of ash blown through the precipitator in the region of 
high concentration. 

The precipitator efficiency was greatly improved by the instal- 
lation of hopper baffles and proper gas distribution. Efficiency 
tests have not been conducted since these changes were made but 
the stack is normally very clear, indicating high efficiency. 

Positive pressures in inlet breechings have been eliminated up 
to gas flows in excess of the rated capacity of the precipitator 
(135,000 cfm). This gas flow corresponds to a steam generation 
of 220,000 Ib per hr. 


REMOVAL oF AsH BREECHINGS 


Ash accumulation in the inlet breechings seriously affected gas 
distribution. It was found necessary to provide a series of fixed 
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McCHESNEY—EXPERIENCE IN THE USE OF ELECTROSTATIC FLY-ASH PRECIPITATORS 


air nozzles in the upper and lower inlet breechings. These air 
nozzles were blown once a day. An air lance has since been sub- 
stituted for the fixed nozzles. This method is equally effective 
and reduces the amount of compressed air required. The lance is 
used through doors in the side of the breeching. Objectionable 
ash accumulations have been prevented since regular lancing 
began. 

During the heating season of 1941, ash accumulated rapidly in 
the breeching between the precipitator outlet and the stack. 
This accumulation was also sufficient to impair gas distribution 
through the precipitator. The rate of ash accumulation in this 
breeching has been greatly reduced since the installation of 
hopper baffles and the readjustment of gas-distributing vanes. 
This section of breeching requires cleaning after each heating 
season, 


CorRrosSION OF By-Pass BREECHINGS 


No. 1 boiler outlet is directly connected through a by-pass 
breeching to the stack. This breeching, shown as section A in 
Fig. 5, is seldom used. Corrosion was severe in this section during 
the first heating season. The inner face of the breeching was wet. 
At several points the metal was entirely gone and very thin over 
large areas. Near the middle of the section ash had completely 
filled the breeching. The by-pass was cleaned and patched and 
the dampers shown near the stack were moved back near the 
outlet from No. 1 boiler. A small amount of air was allowed 
to leak into the by-pass. These changes stopped flue corrosion. 
Ash accumulations still occur but their removal is not a serious 
operating problem. 

Section B, by-passing No. 2 boiler to the stack is heated by gases 
from No. 3 boiler. Corrosion and ash accumulations are less 
serious in this section. When No. 3 boiler is out of service a 
small amount of air is allowed to leak into this idle breeching. 
This procedure has arrested corrosion. 


CONCLUSIONS 


Substitution of punched-plate electrodes for the original rod- 
curtain design increases precipitator efficiency. 

Hopper baffles are essential for the prevention of re-entrainment 
of ash and subsequent loss of efficiency. 

Gas flow to the precipitator should be distributed evenly across 
the inlet face with some reduction of velocity in the lower levels. 

Breechings should be insulated on the outside sufficiently to 
protect them from weather and maintain metal temperatures 
above the dew point during operation. 

Air should be admitted to idle breechings in sufficient amounts 
to suppress the dew point and prevent corrosion. 

Ash should be removed at frequent intervals to prevent poor 
gas distribution to the precipitator. 

Gas distribution should be a consideration in breeching design. 
Rapidly expanding sections leading to a precipitator are un- 
desirable. Good distribution in right-angle bends is easily effected 
by the use of turning vanes. 


Discussion 


C. W. HepserG.? This timely and well-conceived paper pre- 
sents a subject which brings out some very interesting factors 
concerning the operating experiences which were encountered 
during the early stages of operation of Cottrell electrical precipi- 
tators on the particular boilers mentioned in the paper. 

The rod-curtain type of precipitator was first installed at 
Station No. 3 of the Rochester Gas & Electric Corporation in an 


*Chief of Technical and Development Department, Research 
Corporation, Bound Brook, N. J. 
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effort to design a precipitator not necessarily to replace the con- 
crete-plate type, but one that could be used where installation of 
the concrete plates would be impossible because of space limita- 
tions and inadequate structural steel necessary to support the 
weight. Many concrete-plate types are being installed today. 
The performance and electrical operation of each type are approxi- 
mately the same on fly ash. 

The shortcomings of rod-curtain collecting electrodes on cer- 
tain types of fly ash were taken into account by installing a model 
test unit at Station No. 3. It is gratifying to know that the de- 
sign factors obtained from this model unit and carried over into 
numerous commercial precipitators have corroborated these re- 
sults. 

The author has given a general résumé of the development 
work on fly-ash precipitators which was carried on at Station No. 
3. It is believed that this work has resulted in improvements 
which have been beneficial to other users of this type of equip- 
ment, and a large portion of the credit belongs to the Rochester 
Gas & Electric Company. That company not only pioneered in 
equipment change, but, as indicated by the author, also co- 
operated wholeheartedly with the Research Corporation in giv- 
ing direction to the work and in providing the facilities for carry- 
ing it on. 

Serious corrosion has occurred on relatively few precipitator 
installations and usually it has been in localized areas rather than 
generally throughout the installation. However, conditions for 
its occurrence exist in varying degrees in almost all installations, 
so that the matter deserves attention both in initial design and 
also when equipment is inspected during boiler outages. The 
author has given the important factors which cause corrosion. 
As regards the fourth in his list, we are inclined to believe that the 
reason for accelerated corrosion in the outlet breeching does not 
lie in the observed current flow through the breeching metal. 
Charged particles leaving the precipitator collect on the grounded 
breeching surfaces and give up their charge. The deposit thus 
formed is permeable to gases and is a good heat insulator, result- 
ing in a metal temperature behind the deposit well below the dew 
point of the gas which diffuses through the deposit. 

The method worked out and applied at Rochester for combat- 
ing corrosion is a good one. A Gunite lining on the interior sur- 
faces is also very satisfactory. 

As pointed out by the author, the precipitator arrangement at 
Station No. 8 was dictated largely by space limitations. It should 
be added that this arrangement, employing as it does a single 
large precipitator unit for handling the combined gases in a cen- 
tral cleaning plant, is a more economical arrangement than a unit 
system comprising a separate precipitator for each boiler. 

Normal gas velocities in a precipitator are substantially lower 
than normal velocities in breechings, and provision must, there- 
fore, be made to reduce the initial velocity and distribute the 
gases uniformly through the electrode ducts. Distribution 
means are usually built into the connections between the precipi- 
tator and the breechings rather than as an integral part of the 
precipitator itself. 

The Station No. 8 arrangement presented an unusually difficult 
problem in this respect. It was further complicated by the 
necessity for mixing the gases from the several sources in the 
amounts delivered to the precipitator to avoid stratification both 
as regards gas velocity and composition which might otherwise 
cause some portions of the precipitator to operate far less effi- 
ciently than others. 

The author has described the steps taken to obtain desired dis- 
tribution without introducing excessive draft loss, and the re- 
sults show, without question, the importance of such careful dis- 
tribution in the final performance of the system. 
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O. F. Campse.u.? The writer would like to have information 
on the following matters: 

1 What effect has the mol per cent of water vapor in the flue 
gases passing through the precipitators upon the effectiveness of 
the precipitators? 

3 Combustion Engineer, Sinclair Refining Company, East Chicago, 
Ind. Mem. A.S.M.E. 


APRIL, 1943 


2 What has been the experience to date of the effectiveness of 
electrostatic precipitators by the addition of a small amount of 
some volatile chemical? . 

It is the writer’s understanding that a high mol per cent of 
water vapor or a small amount of some volatile chemical has tre- 
mendously increased the effectiveness of electrostatic fly-ash pre- 
cipitators. 
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The Elimination of Carry-Over Under 
Steel-Mill Operating Conditions 


By H. M. RIVERS! anp W. P. HILL? 


At the Sparrows Point steel mill an expanded production 
schedule brought greatly increased demands on the steam- 
generating facilities, which eventually led toa severe carry- 
over condition. The authors review the steps taken to 
correct the causes of carry-over, both chemically, mechani- 
cally, and in firing methods. Studies were conducted on 
various boiler units of the plant, each of which offered 
somewhat different problems for solution. However, a 
balanced solution to the carry-over problem was evolved 
which applies to boiler operation at this plant as a whole, 
details of which are given. An explanation is also given 
ofthe experimental methods used in arriving at an accepta- 
ble solution. 


N EXPANDED production schedule brought greatly in- 
A creased demands on all steam-generating facilities at 
Sparrows Point. As operating conditions become more 
acute, there developed unmistakable signs of a severe carry-over 
condition. Valves, traps, and regulating equipment became in- 
operative. Scale deposits formed on turbine governors and blad- 
ing. At times, superheat temperatures took sudden dips, indi- 
cating surges of carry-over that might have disastrous conse- 
quences in steam-consuming equipment. It was imperative that 
measures be taken to eliminate this heavy entrainment of boiler 
water in the steam, 


Bo1Ler-WaTER CONTROL 


As a first step, boiler-water conditions were reviewed very 
carefully to make certain they were nonconducive to carry-over. 
Oily and saponifiable impurities were assured to be absent. Con- 
centrations of alkalinity, phosphate, and sulphite were main- 
tained no higher than necessary to afford adequate protection 
against scale and corrosion. Blowdown was regulated to keep 
total solids always in a range consistent with nonfoaming condi- 
tions in hundreds of similar boiler plants. In spite of these 
efforts, carry-over continued. With this failure to get results by 
usual chemical control methods, it was apparent that major 
responsibility for the carry-over lay in some other factor which 
remained to be found and eliminated. 


Errects oF Firinc Metuops on No. 10-D BolLer 


Carry-over was exceptionally bad from No. 10-D boiler, a 
42,175-lb per hr unit with three longitudinal drums and water- 
walls which discharge into the outer drums as indicated in Figs. 
land 2. Table 1 records one instance in which steam contamina- 
tion increased from about 2 ppm up to 1440 ppm with a load in- 
crease from 70,000 to 88,000 lb per hr. The offending factor 
developed to be a variation in the method of firing. Fuel oil and 
blast-furnace gas are fired manually, the ratio of fuels being de- 


1 Chemical Engineer, Hall Laboratories, Inc., Pittsburgh, Pa. 

?Steam Engineer, Bethlehem Steel Company, Sparrows Point, 
Md. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Fall 
Meeting, Rochester, N. Y., October 12-14, 1942, of Tae AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


TABLE 1 EFFECT OF LOAD SURGES ON NO. 10-D BOILER BE- 
FORE INSTALLATION OF CURTAIN BAFFLES 


Load, Water in glass, Total solids in steam, 
Sample no. lb per hr per cent ppm 
A-l 40000 80 2.2 
A-2 60000 40 bey 
A-3 70000 30 1.5 
A-4 73000 60 1.8 
A-5 80000 30 20.4 
B-l 70000 40 1.6 
B-2 80000 40 592.0 
B-3 88000 40 1440.0 
B-4 75000 40 1300.0 
B-5 75000 40 286.0 
B-6 70000 40 36.6 
B-7 68000 40 4.1 
C-1 98000 20 392.0 
C-2 65000 30 2.1 
C-3 70000 30 1.6 
C-4 70000 30 1.3 


Note: Steam samples taken about 1 min apart. 


Total solids in boiler water were 2110 ppm in ‘‘A”’ testa; 2330 ppm in 
“B" and tests. 
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pendent upon the amount of gas available. Whenever the gas 
supply fails, additional fuel oil is fired. Meanwhile, there may be 
a momentary drop in steam output, followed by a quick rise as 
the oil takes hold. Sudden increases in oil input were almost 
invariably accompanied by surges of carry-over. The change 
back from oil to predominantly gas firing had no significant effect 
on steam purity, even though the boiler rating might rise con- 
siderably if the gas supply returned unexpectedly. 


149 


4 

; 

SSS = S 

\ 

| 

| 

- 

2 


150 


This relationship between steam purity and firing methods 
might be explained by differences in the characteristics of gas and 
oil flames. Blast-furnace gas burns slowly with a long soft flame 
that often persists beyond the first pass of generating tubes. 
Oil, on the other hand, gives a short flame which is intensely 
bright due to particles of incandescent carbon. With oil firing, 
a greater percentage of the total heat is absorbed by the furnace- 
wall tubes; with gas firing, less heat is taken up in the furnace 
walls, more in the convection banks and superheater. Because 
of these flame characteristics, any change which increases the 
ratio of oil to gas greatly increases the amount of heat absorbed 
in the furnace-wall tubes. Since the most severe surges of carry- 
over accompanied such changes in firing, it was evident that 
carry-over originated primarily in the waterwalls. 

No. 10-D boiler was initially equipped with small perforated 
baffles opposite the discharge ends of the waterwall steam risers. 
These were replaced by much larger solid baffles running nearly 
the length of the drums and reaching from the top of the drum to 
a point several inches below water level, as indicated in Figs. 1 
and 2. Subsequent tests, recorded in Table 2, revealed steam 


TABLE2 EFFECT OF LOAD SURGES ON NO. 10-D se AFTER 
INSTALLATION OF CURTAIN BAFFLE 


Load, Water in glass, Total » in steam, 
Sample no. lb per hr per cent ppm 
A-l 65000 30 0.4 
A-2 60000 30 0.4 
A-3 85000 30 0.1 
A-4 83000 30 0.4 
B-1 25000 40 0.4 
B-2 83000 60 0.4 
B-3 75000 50 3.9 


Note: Samples taken about 1 min apart. In test ‘‘A”’ boiler — 
operating under normal load conditions. In test ‘‘B’’ load was drop 
manually to 25,000 lb per hr and raised as quickly as possible by the pee 
tion of oil. Due to time lag in cooling coil and conductance cell, the effects 
“ark a particular load change appear in the conductance reading made 1 min 
ater. 


contamination to be negligible under normal firing and load 
conditions. A load surge from 25,000 to 83,000 lb per hr in- 
creased steam contamination by about 3.5 ppm, as shown by the 
last figure in the column of total solids, the effect on total solids 
developing a little later than the load change. Water level, at 
the time, was higher than normal, and this may have had more 
effect than the load surge itself. 


Critica, Ratings AND WATER LEVELS oF No. 10-C Borer 


On the strength of what curtain baffles did for the No. 10-D 
boiler, similar baffles were placed in No. 10-C boiler, its twin. 
Steam purity remained consistently good except at very high 
ratings and abnormally high water levels, even though load surges 
as great as 50,000 lb per hr were often encountered. It was 
found that, for each boiler rating, there was a critical water level 
which could not be exceeded without causing severe carry-over. 
The critical condition appeared at lower water levels when ratings 
became higher, as is clearly indicated in Fig. 3. 

No matter how greatly the boiler rating surged, steam purity 
remained good as long as the limiting peak load was not exceeded. 
Firing methods had some effect on the limiting-load conditions, 
critical points appearing at loads about 5000 lb per hr less with 
oil than with gas. Furnace and draft conditions limit the load on 
this boiler to a maximum of about 100,000 lb per hr which 
happens to be the maximum rating which can be carried without 
impairment of steam purity under any operating conditions. 
Carry-over is now completely avoided by regulating feedwater 
and fuel input according to the limits given in Fig. 4. 

Presumably, boiler-water concentrations should have some 
influence on the general carry-over situation. However, in 
collecting the data from which Fig. 4 was developed, boiler-water 
solids ranging from 2300 to 3700 ppm were encountered. The 
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effects, if any, were not noticeable enough to alter any of the 
conclusions mentioned. 


Errects oF Loap AND Firtina Metuops on No. 9-C BoirLer 


No. 9-C boiler is a two-drum integral-furnace steam generator, 
rated at 90,000 lb per hr, equipped with economizer and baffle- 
type steam purifier, as shown in Fig. 5. Some carry-over occurred 
with nearly all significant rises in load, most of which were the 
result of sudden increases in total plant steam demand. Since 
No. 9-C boiler and its twin No. 9-D boiler are the only ones in the 
house equipped with automatic combustion control, they must 
take most of the momentary swings in plant load by themselves; 
the other boilers, being manually controlled, respond much too 
slowly to absorb major changes in steam demand. 

Whenever the boilerhouse gas supply falls off, the No. 9 
boilers respond immediately by increasing their oil consumption 
enough to compensate for the decrease in gas input to the entire 
house. Consequently, the No. 9 boilers must often take great 
surges in fuel input. Because of these operational features, 
variations in boiler ratings were often severe, with serious carry- 
over as the usual result. 


PARTICULAR SIGNIFICANCE OF WATER LEVEL ON No. 9-C BorLer 


Under ordinary operating conditions, No. 9-C boiler showed 
little carry-over except when high water levels were unmistakably 
involved. Periods of high water were induced by load and firing 
factors, as previously mentioned, or by a peculiar periodicity in 
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Economizer 


OUTLINE SECTION SHOWING LOCATION OF 
AND ECONOMIZER 


Fic. 5 No. 9-C Borer. 
SreaM-Drum BarriinG, STEAM PURIFIER, 


water-level fluctuations. At times, the water level oscillated in 
regular cycles with similar swings occurring simultaneously in the 
steam flow and economizer outlet temperature. The points of 
maximum water level were usually accompanied by increased 
steam contamination. 

Once the water level commenced fluctuating, it seemed to 
continue independently of all operating factors. Under typical 
conditions, the load swings were on the order of 20,000 to 25,000 
lb per hr, and often considerably more. Water level fluctuated 
between plus and minus 6 in. of the normal line, while economizer 
temperatures varied from 275 to over 415 F, which is the upper 
limit of the recording instrument. Since maximum temperatures 
reached in the economizer were higher than the temperature of 
saturated steam at boiler pressure, opening of the feedwater valve 
admitted steam and water, rather than water alone, to the boiler. 
This might cause a momentary rise in boiler output; and due to 
the delay in admitting feedwater, the water level might continue 
to drop even after the regulator opened. At about the instant 
water level reached its lowest point and started upward, steam 
output and economizer temperature commenced to drop, both 
eventually reaching minimum values when the feedwater valve 
closed again due to the rising water level. 

This “hunting” of the water level could be arrested somewhat 
by careful manual control of the water or by giving the boiler a 
long hard blowdown. There was some evidence, also, that the 
fluctuations were more severe when boiler-water concentrations 
were high. It would appear, therefore, that water conditions 
affected steam purity indirectly by magnifying the fluctuations 
in water level. However, most of the evidence indicated that 
economizer temperatures were a far more important factor. The 


pulsations were noticeably worse with gas fuel than with oil. 
Since at a given boiler rating the last-pass temperatures are 
higher with gas firing than with oil, more heat is available to the 
economizer. Such a condition would logically intensify any 
water-level fluctuations influenced by economizer outlet tem- 
perature. A heavy blowdown might help temporarily by stabiliz- 
ing economizer temperatures at a lower level. However, the 
pulsating condition usually returned in a few hours, long before 
boiler-water concentrations could build up to anywhere near their 
preblowdown value. 

All indications were that the irregular feeding of alternately 
high- and low-temperature water materially affected boiler out- 
put, water level, and consequently steam purity. It was con- 
cluded that a quicker acting feedwater regulator might improve 
conditions materially. A new and much more sensitive regulator 
was installed, and immediately the fluctuations subsided virtually 
to unimportance. The pulsating condition returns whenever 
boiler-water concentrations become exceptionally high, especially 
if the fuel is predominantly gas. Nevertheless, steam purity re- 
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TABLE 3 ESTIMATION OF TOTAL SOLIDS CONCENTRATIONS; NO. 1 HOT-STRIP-MILL BOILER 


Total Sodium 
solids, Chloride, hydroxide, TS-NaOH 
Sample ppm ppmCl ppm NaOH (S) S/ 
A 860 155 152 708 4. 
B 1271 210 183 1085 5. 
Cc 1476 265 256 1220 4. 
D 1476 265 256 1220 4. 
E 2062 320 406 1656 5. 


® Average ratio of solids to chlorides (K) is 4.9. 
Corrected chloride = (S/K + true Cl) + 2 


Corrected Corrected Effective 
Cl chloride cix K T.S. T.S. 
6 144 149 760 734 885 
2 221 215 1030 1058 1240 
6 248 256 1300 1260 1515 
6 248 256 1300 1260 1515 
2 336 328 1570 1613 2020 


Corrected total solids = (Cl X K + true total solids) + 2. 
Effective total solids = (corrected total solids + NaOH). 
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mains consistently good because now it is possible to keep water 
levels always below the point at which carry-over occurs. 


Errects oF LoAD AND WATER LEVEL IN No. 1 Hot-Strip-MILu 
BoILeR 


This is a three-drum bent-tube boiler (Fig. 6), rated at 75,000 
lb per hr and fired entirely with fuel oil. Whereas the No. 9 and 
No. 10 boilers receive approximately 2 per cent unsoftened well 
water for make-up, the hot-strip-mill boilers are fed 100 per cent 
zeolite-treated well water. All important features of boiler de- 
sign, boiler operation, and water composition differ greatly from 
any discussed heretofore. 

In estimating the foaming effect of boiler-water constituents, 
it was assumed that foaming potentialities were proportional to 
both chloride and total-solids concentrations as determined by 
usual methods. Although the ratio of solids to chlorides may 
vary from sample to sample, it will generally stay close to a cer- 
tain average value. This average solids-chloride value was made 
use of in calculating the “effective” solids concentrations given in 
Table 3. Since hydroxide alkalinity has definite foam-aggravat- 
ing properties of its own, it was considered independently. 

Fig. 7 is a typical data-curve sheet showing the correlation 
between water level and conductance of the condensed steam. 
A number of such curves, shown in Fig. 8, were obtained for 
several normal load and water conditions. These factors evi- 
dently affect steam purity to an important degree, but only after 
a certain critical water level has been exceeded. The feedwater 
regulator was originally set to carry water at about 50 per cent of 
a glass. Occasionally water level fluctuated into the range at 
which carry-over takes place and steam purity suffered accord- 
ingly. , The regulator was reset to maintain water level at about 
30 per cent of a glass. Subsequent tests showed no carry-over at 
all under normal operating conditions. 


RELATIVE IMPORTANCE OF CHEMICAL AND MECHANICAL FAcTORS 


In all of the foregoing instances, chemical features were un- 
doubtedly secondary to those of a mechanical nature. Good 
reasons for this were found in the data from No. 9-C boiler, on 
which especially careful studies were made to correlate boiler- 
water conditions, water levels, and steam purity at normal boiler 
ratings. 

Fig. 9 is a typical data-curve sheet which shows the relationship 
between water level and conductance on No. 9-C boiler. The 
“effective” total-solids and chloride concentrations were esti- 
mated in the same manner as were the values in Table 3. In all, 
fourteen such curves were prepared. Data from these curves 
were then combined in preparing the family of curves in Fig. 10, 
which summarizes the relationships between chloride concentra- 
tions, water level, and conductance at the steam-purifier inlet. 
Simultaneous entrainment at the purifier outlet would be about 
20 per cent as great. 

To verify the accuracy of the assumptions and graphical meth- 
ods, Fig. 10 was used as the basis for plotting “‘corrected’”’ curves 
on the original data-curve sheets. Each corrected curve repre- 
sents the theoretical steam-purity—water-level relationship corre- 
sponding to the “‘effective’’ chloride concentration existing during 
the test (see Fig. 9). In some cases, the original curves deviated 
appreciably from the corrected curves, agreement being some- 
what better for conditions at the purifier outlet. In spite of these 
deviations, the general correspondence was surprisingly close, 
usually within the degree of accuracy with which an operator can 
estimate the amount of water in a gage glass. This reasonable 
agreement between actual and corrected curves indicates that the 
basic assumptions and graphical methods were acceptably accu- 
rate for the purpose at hand. 

Boiler rating influences steam purity to some extent. The 
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specific effects of this variable were not studied in detail, for No. 
9-C boiler could not be operated under fixed load conditions. 
However, from the scattering of experimental points, and from a 
comparison of many data collected at different average loads, it 
appears that, other things being equal, carry-over changed about 
15 per cent for each 1000 lb per hr over or under 75,500, which is 
the average of all ratings carried during the tests. For this boiler, 
if steam to the purifier never contains over 10 ppm of total solids, 
it is quite certain that steam leaving the purifier will always be of 
satisfactory quality. Limiting conditions for a maximum of 10 
ppm solids at the purifier inlet are given in Fig. 11, which is based 
on the assumption that contamination increases or decreases by 
15 per cent with a load change of 1000 lb per hr. Points taken 
from Fig. 11 checked exceptionally well with the actual experi- 
mental data. 

From Fig. 10, it can be seen that changing water level by 1 per 
cent of a glass affected steam purity to about the same degree as 
a change of 6.5 ppm in chloride (or about 100 ppm total solids, 
since the ratio of solids to chloride averaged 15.8 during the 
period of these tests). Figs. 10 and 11 clearly indicate that for 
the conditions established water level was by far the most im- 
portant single factor conducive to carry-over. Boiler ratings, and 
especially sudden changes in rating, were influential primarily 
through their effect on water level. Water conditions, in them- 
selves, were of much less importance; otherwise, it is doubtful 
whether any correlation at all could have been obtained under 
the wide variety of water conditions encountered. An extremely 
important feature of boiler design appears to be the area of water 
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surface in the steam drums. Greater surface means greater cubi- 
cal displacement with changes in water level and, consequently, 
less fluctuation in water level with changes in boiler rating. 

A specific example will best illustrate the relative value of 
chemical measures in carry-over control. Assume, on the basis of 
Fig. 11, that No. 9-C boiler will safely generate up to 80,000 lb of 
steam per hr with a boiler-water chloride concentration of 200 
ppm (3100 ppm total solids) and a maximum water level of 40 
per cent of a glass. Imagine that load conditions require the 
boiler to deliver 90,000 lb per hr from time to time. According 
to Fig. 11, this higher rating could be carried without difficulty 
if chlorides were reduced to 150 ppm (2350 ppm total solids, or 
750 ppm less than the previous figure). This would mean in- 
creasing the blowdown rate from 3 per cent up to about 4 per 
cent of the total feed. A much simpler and more direct solution 
would be simply to carry a little less water in the boiler, about 5 
per cent of a glass less, to be exact. It would require only a simple 
adjustment of the feedwater regulator, and the change would be 
scarcely noticeable by looking at the gage glass. As a matter of 
fact, this is precisely what was done on No. 9-C boiler, although 
the water level was lowered somewhat more than was indicated 
by this particular example. Carry-over from the purifier outlet 
now remains negligible under all ordinary load conditions, while 
Water concentrations are free to vary as they will within reasona- 
ble limits set up for other chemical control purposes. 

The relatively secondary importance of water conditions in 


all cases was clearly demonstrated by the success of corrective 
measures primarily mechanical in nature. Extreme carry-over 
from No. 10-D boiler was largely eliminated before chemical 
factors were even considered. A wide range of boiler-water con- 
centrations was encountered during the tests on No. 10-C boiler, 
yet their influence was not great enough to affect the play of 
other variables involved. Although water conditions on No. 
9-C boiler evidently influenced water-level fluctuations to some 
degree, the effects were readily overcome by closer control over 
water levels. Four years ago, before zeolite softeners were in- 
stalled at the hot strip mill, the boilers there carried vastly differ- 
ent load and water conditions than they do now. On the basis of 
steam-purity tests made at that time, the plant was advised 
“always to keep the water level below mid-point on the glass,” 
which is essentially what our recent studies affirm. 


A BALANCED SOLUTION TO THE PROBLEM AS A WHOLE 


Several corrective measures have gone into effect already. 
Boiler-water conditions are carefully controlled according to safe 
practice as established by experience in a great number of similar 
boiler plants. The No. 10 boilers are closely operated with respect 
to their limiting load and water-level conditions. Highly effi- 
cient feedwater regulators have been provided to stabilize water 
levels on the No. 9 boilers.* Safety valves have been adjusted to 
release first on the No. 10 boilers, thus lessening the likelihood of 
carry-over which might result from the popping of either of the 
No. 9 boilers. 

If carry-over continues despite these efforts, consideration may 
be given to the possibility of its more effective separation by 
steam purifiers or steam scrubbers. Steam scrubbers would have 
one disadvantage here because the boiler water contains appreci- 
able calcium-phosphate sludge. As entrained boiler water be- 
comes diluted with feedwater in the scrubber, an adherent sludge 
would be produced which might eventually foul the scrubber. 

There are, of course, possibilities of making further improve- 
ments in the steam-drum baffling, and changes of this nature will 
be made wherever desirable. Additional steam circulators might 
be installed to reduce steam velocities and thereby encourage 
better separation of moisture and steam. However, such an in- 
stallation would involve some rather major changes in boiler 
design, and so steam circulators are not likely to be considered in 
the near future. 

A careful study of plant operation might reveal several ways to 
eliminate unnecessary load surges, * unequal distribution of boiler 
loads, unfavorable firing methods, and erratic water-level control. 
Although steel-mill loads cannot be “tailor-made” to suit the 
carry-over whims of one boilerhouse or another, boilerhouse opera- 
tion might be adapted more satisfactorily to the plant steam 
demands which must be met. For instance, the No. 9 boilers are 
extremely sensitive to load changes, while the No. 10 boilers are 
not. Much could be accomplished, therefore, if automatic com- 
bustion control were installed on the No. 10 boilers. They could 
then absorb the major swings in plant steam demand and fuel 
supply while the No. 9 boilers remained on relatively base loads. 


Appendix 
EXPERIMENTAL METHODS 


Steam samples were collected as nearly as possible in accord- 
ance with A.S.M.E. recommendations.* The steam flowed con- 
tinuously and condensed in a copper cooling coil. Specific con- 
ductance of the condensed steam was measured by means of a 


* See last paragraph of closure. 
§A.S.M.E. Power Test Code, ‘‘Instruments and Apparatus,” 
Part 11, ‘‘Determination of Quantities of Steam,’’ 1929. 
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Fig. 12 Errect or DissoLvep AMMONIA AND CARBON DIOXIDE ON 
CONDUCTANCE OF STEAM CONDENSATE 


Leeds & Northrup conductivity-resistivity bridge and a Leeds & 
Northrup “Micromax”’ strip-chart recorder calibrated over a 
range of zero to 50 micromhos. The dip cells and flow cells‘ 
contained electrodes freshly platinized and standardized. Cor- 
rections for cell constant and sample temperature were made by 
means of compensating devices installed in the instruments. 
Dissolved carbon dioxide was determined by titration with 
fresh N/44 sodium-hydroxide solution to the phenolphthalein 
end point, the operation being carried out in a 100-ml glass- 
stoppered cylinder. Ammonia was measured by Nesslerization. 
Corrections for dissolved gases were then estimated from the 


4 Leeds & Northrup Catalogue No. 4940. 
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family of curves in Fig. 12.5 The gas corrections, as determined 
analytically, ran always within 0.1 to 0.3 micromho of the 
minimum value to which the conductance fell under ideal steam- 
ing conditions at the time of testing. It was therefore assumed 
that the gas correction remained relatively constant at this 
minimum value, and determinations for dissolved gases were run 
only periodically. The gas content of the steam should remain 
comparatively uniform, since it depends primarily upon the com- 
position and amount of make-up water and the efficiency of 
degasification in the feedwater heater. After being corrected for 
dissolved gases, the conductance values, in micromhos, were multi- 
plied by an empirical factor, 0.65, to obtain ppm total dissolved 
and suspended solids in the steam. 

There are certain unavoidable limitations to this method of 
correcting for dissolved gases. These can be overcome, pre- 
sumably, by use of suitable degasifying apparatus ahead of the 
conductance cell. However, such apparatus would induce fa- 
too great a lag between time of sampling and response by the 
measuring instrument. In studies of this nature, it is necessary 
to determine the critical water level or load at which carry-over 
of a certain degree occurs, and these variables are difficult to hold 
constant for any length of time even under ideal test conditions. 
For this reason, conductance data must be collected as quickly 
as possible. The present experiments were definitely handi- 
capped, even though the steam samples delayed hardly a minute 
in passing through the cooling coil and conductance cell. De- 
gasifying apparatus would increase the delay even more and would 
certainly blur all sharp changes in steam purity. 


5 “Determination of Purity of Steam by Electrolytic-Conductiv- 
ity Method,” by W. B. Gurney, M. C. Schwartz, and T. E. Cros- 
san; discussion by A. Watson, Trans. A.S.M.E., vol. 62, 1940, pp 
732-733. 


Discussion 


J.M. DraBe.ue.® This paper on the elimination of carry-over 
under steel-mill operating conditions is most timely because of the 
fact that we are all now operating under increased loading on our 
boilers and before the present war is over yet higher loadings will 
be carried. 

Based on the experience with the 300,000-lb 650 to 750 F 
boilers at Cedar Rapids Power Station we have learned as have 
the authors that carry-over is not due to any one single cause but 
is a combination of water-level control, chemical control, and 
proper baffling in the drum of the boiler, particularly at the point 
of discharge of waterwall risers. Operating engineers facing this 
problem should approach it on that basis. The authors are to be 
congratulated on recording actual experiences and what was done, 
which is always helpful to the operating men. 


C. W. Foutx.’ All the laboratory experiments of the writer 
confirm the belief that the largest single item in the reduction of 
carry-over is the maintenance of a certain distance (determined by 
the salt and sludge content of the boiler water and the rate of 
evaporation) between water level and steam outlet. The writer 
once asked a boiler manufacturer why power-plant boilers, at 
least, were not constructed to give more space at that point. 
His answer was, the added cost. 


J. A. Hotmes.* This paper on carry-over in steam clearly and 


6 Consulting Engineer, Iowa Electric Light and Power Company, 
Cedar Rapids, Iowa. Mem. A.S.M.E. 

7 Professor Emeritus, Department of Chemistry, The Ohio State 
University, Columbus, Ohio. 

8 Director of Service, National Aluminate Corporation, Chicago, 
Ill. Mem. A.S.M.E. 


logically points out a condition that should be carefully studied by 
every engineer operating a boiler plant. The authors have em- 
phasized the matter of proper water levels in boilers and the im- 
portance of eliminating fluctuating water levels. No matter 
whether or not the water in the boiler is of the foaming type, 
water levels will always play a very important part in the opera- 
tion of boilers and in the reduction of solids in steam. 

This subject of water level raises a question that is frequently 
discussed, i.e., just how does lowering of the water level affect 
carry-over? Contrary to a popular belief, our experiments in 
vertical glass tubes and in a small experimental boiler containing 
glass windows for observation have shown that the height of the 
water above any steam-generating surface does not appreciably 
affect the depth of the foam layer on top of the water. In other 
words, if there is a bank of steam-generating tubes coming into a 
drum, the depth of foam formed above the water level will be the 
same, no matter whether the depth of water in the drum is 10 in. 
or 20 in. Apparently, the drop in water level simply lowers the 
top of the foam level in equal proportion. It is difficult to visual- 
ize this as being true. We can, however, visualize cases where 
turbulence or surging or even circulation would be affected by a 
decrease in water depth, and this in turn would affect the foam 
depth. 

In most boiler waters containing as much solids as mentioned in 
the paper, there will be some foam layer formed on the surface of 
the boiler water. The problem is to prevent this foam building 
up to a point where it carries solids into the steam leaving the 
boiler. Any drop in water level which automatically lowers the 
foam level, any mechanical device that stabilizes the water level 
or breaks up the foam, or any chemical treatment that will reduce 
foam volume will work wonders in reducing the harmful effect of 
solids in the steam. 
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This paper also shows the need for a rapid and easy method of 
testing for solids in steam and this is best done by conductivity 
apparatus. As the authors point out, there is apt to be a lag in 
the collection of the sample and the actual time of carry-over, and 
this should always be considered in evaluating any results, and, 
in fact, every effort should be made to reduce this lag as much as 
possible. This means proper picking of the sample points and as 
short a sampling line as possible. 

The authors are to be complimented on their logical and com- 
plete method of attacking a problem that is encountered in so 
many steel mills. Undoubtedly this work is of value to and will 
be appreciated by many steel-mill and power-plant engineers. 


W. H. Rowanp.® Some time ago we had an experience simi- 
lar to that of the authors’ in which the objectionable solids carry- 


Service Department, The Babcock & Wilcox Company, New 
York, N.Y. Jun. A.S.M.E. 
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Fig. 13. Cross SectTIoN oF BoILeR EXPERIENCING OBJECTIONABLE 
Souips CarRY-OVER 


over was eliminated by suitable drum-baffle changes without im- 
posing any restrictions on or changes to the operation of the steel- 
mill equipment. 

The unit, which is shown in Fig. 13 of this discussion, was 
placed in service during the early part of 1937. It is a BEW 
cross-drum boiler with a water-cooled hopper-bottom furnace, 
fired with pulverized coal and blast-furnace gas. The maximum 
capacity is 400,000 lb of steam per hr with 425 lb pressure at the 
superheater outlet and 725 F temperature. 

The steam from this and the other units in the power plant is 
used in the turboblowers and to furnish electric power for the 
blooming mills and a large hot continuous-strip mill. The other 
boilers are base-loaded. This boiler takes all of the load swings 
by the use of an automatically controlled butterfly valve in the 
line from the superheater to the main steam header. 

The normal load carried by this unit is from 100,000 to 400,000 
Ib per hr and is an almost continuously swinging one. The load 
fluctuations vary in magnitude from a small change to as great as 
200,000 lb per hr. Increases or decreases in load of from 150,000 
to 200,000 Ib per hr, covering a period of 15 to 20 sec, are fre- 
quently encountered. One period was timed in which a load in- 
crease of 150,000 lb per hr covered a time interval of only 5 sec 
and decreased the same amount in 9 sec. 

The boiler receives about 50 per cent make-up of Monongahela 
River water which is filtered and treated externally in a hot- 
process lime-soda softener. In the fall of the year, the feedwater 
to the boiler has as high as 500 to 600 ppm total solids. 

The 72-in-diam steam-and-water drum was equipped originally 
with a steam scrubber, spray washers, and a deflecting baffle, as 
shown in Fig. 14, and was guaranteed to give 2 ppm solids 
carry-over with a boiler-water concentration of 1700 ppm total 
solids. It was found that the limiting boiler-water concentration 
was between 1700 and 2000 ppm and the limiting water level 
about 3 in. to 4 in. above normal level, beyond which the carry- 
over became excessive. Below these limits the carry-over was 
about 1.5 ppm. 

Because of the difficulty of holding the boiler-water concen- 
tration below the limiting value particularly in the fall of the 
year, several superheater tubes failed periodically, due to over- 
heating from solids deposited in them. Finally in the fall of 
1939, the condition of the superheater was so bad that it was de- 
cided to purchase a new superheater and the then recently de- 
veloped cyclone separators for the drum internals. These were 
both installed in January, 1940, and no further trouble has been 
experienced with the superheater or elsewhere since then. 

Fig. 15 shows the arrangement of the cyclone separators in the 
drum, whereby all of the steam and circulating water entering 
the drum is passed through the cyclone separators, effecting prac- 
tically complete separation of the steam and water before they 
enter the main portion of the drum. The steam scrubber was re- 
tained, but the spray washers were eliminated, the feedwater 
being introduced into the drum below the water level. 

With this arrangement, it was determined that the solids 
carry-over did not exceed 0.5 ppm with boiler-water concentra- 
tions up to 6000 ppm, and the limiting water level was found to 
be 16 in. above normal rather than 3 in. to 4 in., which it had been 
previously. At this high level it will be noted that the cyclone 
separators are flooded. Thus the cyclone separators eliminated 
boiler-water concentration as a limitation and increased the per- 
missible water-level range about 12 in. to 13 in., which provided 
more than sufficient leeway for the severe operating conditions. 

Two bothersome operating conditions were encountered when 
the unit was first placed in service after installing the cyclone 
separators. First, the magnitude of the water-level swings during 
fluctuations in load was large enough to cause frequent blowing 
of the high- and low-level alarms. The boiler is equipped with a 
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Water Drum Table 4, of this discussion, shows the analysis of a typical 4 
boiler-water sample after installing the cyclone separators. The : 
Bailey three-element feedwater regulator and, by making the high values of caustic, phosphate, silica, and organic matter are 
regulator sensitive to water level, it was possible to reduce the noteworthy since they showed no tendency to cause trouble even 
frequency of the whistle’s blowing greatly. This, however, in- at these high levels with the cyclone separators installed. ; 
creased the variation of feedwater flow to the boiler which caused : 
the steam temperature to fluctuate about 40 to 60 F TABLE 4 TYPICAL BOILER-WATER ANALYSIS . 
A P ir 
Because the large leeway in permissible water-level variation 
was available in so far as solids carry-over was concerned, a surge Sodium homphatc 203 
tank, shown in Fig. 16, was installed in parallel with each water Pe... oa r 
column, and the feedwater-regulator connections were attached es 208 
to one of the surge tanks. This effectively reduced the magnitude 
of the water-level variation in the water column and the water- as ccc ete 
level impulse to the feedwater regulator. This change reduced a Cee I 
the fluctuation in the steam temperature to 20 to 25 deg and the — P 


alarm whistles blow only infrequently. 
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R. C. Utmer.'® The results given in this paper are in agree- 
ment with the theory of carry-over postulated in a paper by Foulk 
and Ulmer! and verified in a paper by Foulk and Ryznar.!? 
Carry-over of the type discussed in the present paper undoubt- 
edly results from the filling of the steam space in the offtake drum 
with foam and the carrying over of some of this foam with the 
steam. Gross carry-over of the amount referred to in the pres- 
ent paper was found by Foulk and Ryznar™ to occur only when 
the foam layer actually touched the steam-outlet pipe. There- 
fore, in order to prevent the formation of the carry-over in ques- 
tion, it is necessary to prevent the foam layer from reaching the 
steam outlet. The most obvious way to accomplish this object is 
to lower the water level, as was done in the present case. 

Lowering the water level does not decrease the thickness of the 
foam layer but merely lowers it so that it does not come in con- 
tact with the steam outlet. There are, however, several factors 
that actually change the thickness of the foam layer. These are 
(1) concentration and nature of the total solids in the boiler 
water, (2) rate of evaporation, and (3) pressure. 

As stated in the paper, the effect of concentration on carry- 
over is small in comparison with the effect of change in water 
level. This is easily understood because Foulk and Ryznar! 
have shown that, in their test boiler using sodium chloride alone, 
an increase in concentration of 6000 ppm increased the thickness 
of foam layer only about '/; in. In this test boiler then, a change 
of 6000 ppm in sodium-chloride concentration had the same ef- 
fect on carry-over as a change of '/; in. in water level. 

With respect to the relative effect of different soluble salts, 
exception is taken to the statement in the paper that hydroxide 
alkalinity has definite foam-aggravating properties of its own 
and must be considered independently. Numerous results by 
Foulk and Ulmer" indicate that the effect of soluble salts on 
carry-over is additive and therefore that the effect of sodium 
hydroxide is no different from that of other boiler-water salts. 
In fact, both sodium sulphate and tri-sodium phosphate promote 
carry-over to a greater extent than does sodium hydroxide. The 
fact that the concentration of the hydroxide ion can readily be 
controlled has perhaps focused attention upon this agent. 

Rate of evaporation greatly influences the thickness of te foam 
layer and, consequently, the amount of carry-over. This results 
from the fact that the number of steam bubbles formed and, 
hence, the thickness of the foam layer depend upon the rate of 
evaporation. Sudden increases in the rate of evaporation, such 
as those mentioned in the paper, cause the formation of more 
steam bubbles and, consequently, the foam level may build up to 
such a height that it reaches the steam outlet and causes carry- 
over, 

Changes in steam pressure have a marked effect upon carry- 
over because the thickness of the foam layer is affected in two 
ways; (1) the steam bubbles in the foam layer expand or contract 
depending upon whether there is, respectively, an increase or de- 
crease in pressure and, (2) the number of steam bubbles formed 
at the heating surface increases greatly if there is a sudden de- 
crease in pressure and decreases if there is a sudden increase in 
pressure. As there was considerable load fluctuation in the case 
at hand, it is entirely possible that there was sufficient decrease 
in steam pressure at times to cause expansion of steam bubbles in 
already existing foam and the formation of new bubbles, thereby 
increasing the foam height to such an extent that carry-over 
occurred. 
my ae Department, The Detroit Edison Company, Detroit, 

“Solid Matter in Boiler Water Foaming,”’ by C. W. Foulk and 


R. ©. Ulmer, Industrial and Engineering Chemistry, vol. 30, 1938, 
pp. 158-160. 


“Foaming of Boiler Water,’’ by C. W. Foulk and J. W. Ryznar, 
Industrial and Engineering Chemistry, vol. 31, 1939, pp. 722-725. 
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P. B. Piace."* The authors attacked their carry-over problem 
systematically, established operating performance, and were 
rewarded by successful application of their conclusions. In three 
different types of boilers, they corrected excessive carry-over by 
three different methods, each method designed to correct an un- 
desirable condition in a particular boiler. The analytical ap- 
proach to the problem and appreciation of the fact that all carry- 
over problems are not similar are highly commendable. 

The writer appreciates the authors’ emphasis on the fact that 
the corrections were mechanical and not chemical. Chemists 
are burdened with many carry-over problems which should be 
solved by the co-operative effort of both chemical and mechanical 
engineers. The problem is a mutual responsibility. There is a 
tendency to consider boiler waters as foaming or nonfoaming, 
suggestive of a sharp demarcation and a critical chemical condi- 
tion. This is misleading. Probably all boiler waters foam, but 
the amount of foaming and character of the foam varies with con- 
centration, rating, and pressure. Within a limited range of foaming 
condition, mechanical changes may control or reduce the foam- 
ing to give marked improvement in carry-over but the foaming 
condition is still present and is primarily a chemical problem. 

The authors state that boiler-water conditions were controlled 
to keep total solids within a range consistent with nonfoaming 
conditions in hundreds of similar boiler plants. The boiler manu- 
facturers have frequently defended drum-baffle designs as being 
standard and as having given satisfactory results in hundreds of 
similar units. Both are justified in their claims, and the uncertain 
factors are usually the degree of foaming and the ability of the 
baffle to control the foam. 

The carry-over from No. 10-D boiler has all the characteristics 
of foam-over. The very rapid, excessive, and erratic change in 
conductivity is typical of foaming, and the authors’ statement that 
the carry-over evidently originated in the ‘waterwalls confirms 
this. Foam is generated in the boiler at the steam-generating 
surfaces and is delivered to the drum where it must be controlled 
and reduced before it fills the drum and flows over into the steam 
outlet. 

Simultaneous demands for greater rates of steam generation, 
higher concentrations, higher pressures, and cleaner steam put a 
severe burden on the mechanical engineer, and it is difficult to 
satisfy one demand without sacrificing to another. The chemical 
engineer must contrive to attack the problem of foaming and its 
inhibition. 

In the past 2 years the writer has had the opportunity of testing 
a large number of drum baffles in a low-pressure boiler fitted with 
windows and electric lights, under a great variety of water and 
operating conditions. We have found no definite relationship be- 
tween concentration and foaming. In one case, we had a very 
badly foaming water with some 3500 ppm of sulphate and re- 
duced the foam to a negligible amount by the addition of some 
3000 ppm of chloride. The further addition of sulphate, caustic, 
and phosphate to give a total concentration of 12,000 ppm did 
not produce as much foaming as the original 3500 ppm concentra- 
tion. Concentrations of over 50,000 ppm have been kept under 
full control, when concentrations of a few thousands could not, 
under the same operating conditions. 

The carry-over in the other two boilers, described in the paper, 
is indicative of spray and more logically a function of water level. 
The amount of carry-over is relatively low, increasing steadily 
with water level, and the data can be plotted in a family of curves. 
The authors’ interpretation of the results appears to be correct, 
and their corrective measures have given satisfactory results. 
Although the concentrations in these boilers are comparable with 


13 Research and Development Department, Combustion Engi- 
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that in boiler No. 10-D, it appears that foaming was not excessive 
because of differences in steam-generating conditions. 

All boilers have, of course, some critical water level above which 
carry-over develops. If foaming is not excessive, this critical 
water level is often that at which excessive spray develops due to 
the submerging of active riser or circulator tubes. If foaming is 
excessive, the unit may have a different critical level for different 
water conditions, and carry-over results when the foam level is 
pushed up to a steam circulator by an increase in water level. 


AvutTHors’ CLOSURE 


The authors and discussers appear to agree on two very im- 
portant points; namely (1) that boiler-water impurities (ex- 
cepting, of course, organic matter) have a minor function in 
carry-over, as compared with mechanical factors such as steam- 
purifying facilities and the height of water level in the steam-dis- 
engaging space, and, (2) that carry-over is primarily a mechani- 
cal problem, involving water-level control, proper design of 
steam-drum baffling, and effective steam-purification, and not 
a chemical one beyond the requirements of intelligent blowdown 
control. 

Mr. Ulmer concludes that the effect of soluble salts is additive 
and that no one constituent is particularly more troublesome than 
another. Mr. Place, working under a great variety of water and 
operating conditions, could find no definite correlation between 
concentrations and foaming. The authors’ data were collected 
over a period of several months with gaps of many weeks between 
some of the tests. Although water conditions naturally changed 
a great deal in the meantime, it was nevertheless possible to get 
good correlations between steam purity and certain mechanical 
variables. If the over-all effects of solids were pronounced, or if 
certain constituents were appreciably more aggresive than 
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others, it is doubtful whether any correlations could ever have 
been found under the great diversity of conditions dealt with. 

Moreover, evidence cited by Messrs. Holmes, Ulmer, and Place, 
together with the authors’ work on No. 9-C boiler and the hot- 
strip-mill boiler, indicates that the concentrations normally 
found in practice produce foam layers hardly over 1 in. or so in 
thickness, and that the thickness depends more upon operational 
factors than upon the character of the boiler water. It would 
seem, therefore, that boiler operators would do well to direct 
most of their attention toward total-solids concentrations 
and good blowdown control, rather than worry too much 
about “doctoring’” the boiler water chemically to prevent 
foaming. 

The discussers almost unanimously stress water level as the 
most important single factor conducive to carry-over and imply 
that water-level control is the starting point in carry-over cor- 
rection. Second in favor come mechanical changes such as 
improved steam-drum baffling or, as a last resort, the installa- 
tion of special steam-purifying equipment. All seem to appre- 
ciate the importance of indirect measures which tend to stabilize 
drum pressures and rates of steam generation. 

Since the presentation of the paper, the No. 9 boilers in 
No. 1 boilerhouse have been equipped with new economizers 
having the feedwater regulators located on the inlet, rather than 
on the discharge side. This has helped materially in overcoming 
some of the water-level fluctuations, such as unavoidably result 
from locating a feedwater-control valve on the outlet side of a 
steaming economizer. A recent plant study revealed the fact 
that the plant demand for high-pressure steam could be stabilized 
by picking up loads more gradually on the turbogenerators. 
The effect in easing load surges on the No. 9 boilers has been 
quite gratifying. 
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Excess Air and Brake Mean Effective 


Pressure 


By P. H. SCHWEITZER,' STATE COLLEGE, PA. 


T is known that there is a definite relation between the excess 
air and the brake mean effective pressure (bmep) of an in- 
ternal-combustion engine, but that relation is seldom ex- 

pressed in a convenient form. A handy formula tying the 
bmep to the excess air is considered very useful, therefore the 
author submits the following 


0.4 14.5 se 
bmep = 180 
t 


where f denotes the fuel consumption, lb per bhp-hr, rn the chemi- 
cally correct air-fuel ratio, nvo the volumetric efficiency, msc 
the scavenging efficiency, and \ the excess-air factor, which is 
defined as the actual air-fuel ratio divided by the chemically cor- 
rect air-fuel ratio, 

Equation {1] has a universal validity for either four- or two- 
stroke-cycle engines, for carburetor engines, and fuel-injection 
engines of both compression-ignition, or spark-ignition type, 
normally aspirated or supercharged engines of all types. 

For four-stroke-cycle engines with negligible contamination of 
the fresh charge by residual gases (ys. = 1), Equation [1] is re- 
duced to the yet simpler formula 


0.4 14.5 
bmep = 180 — - - 
f ATth 

The derivation of Equations [1] and [2] is found in the Ap- 
pendix. Here it is of interest to point out the implications of 
these formulas and the service they can render to the internal- 
combustion engineer. 

A typical Diesel fuel which is composed of 7 parts of carbon 
and 1 part of hydrogen requires 14.5 lb of air to burn 1 lb of it 
completely. With a fuel consumption of 0.4 1b per bhp-hr and a 
volumetric efficiency of 100 per cent (which is the upper limit for 
normally aspirated engines), according to Equation [2] the maxi- 
mum bmep is 


bmepmax = 180 psi 


This is only obtained, however, with an excess-air factor of \ 
= 1. If we have 50 per cent excess air (which is an average figure 
for Diesel engines), and the volumetric efficiency is nyo = 0.7, 


= 
bmeppieser = 180 04°15 7 psi 


A carburetor engine with a specific fuel consumption of 0.5 
lb per bhp-hr operating with an air-fuel ratio of 14.5 (close to the 
chemically correct mixture) and a similar volumetric efficiency 
gives a bmep 


0.4 
bmepearb = 180 


l 
. = 0.7 = 100 psi 
ps 
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showing an advantage of 16 per cent over the Diesel. In either 
type of engine, the bmep is directly proportional to volumetric 
efficiency and inversely proportional to the specific fuel consump- 
tion and excess-air factor. 

This is not exactly true in a two-stroke-cycle engine or in an 
incompletely scavenged four-stroke-cycle engine. Then the 
scavenging efficiency enters in a manner shown by Equation [1] 
which is represented by Fig. 1. 

Scavenging efficiency is defined as the amount of fresh air in 
the cylinder charge divided by the total cylinder charge; volu- 
metric efficiency as the total cylinder charge divided by the pis- 
ton displacement. It is apparent that 180 psi bmep can hardly 
be exceeded in normally aspirated engines, but with supercharg- 
ing nvoi can be made larger than 1, and the bmep goes up directly 
with nvot. 

If in Equations [1] and [2], the fuel consumption is expressed 
in pounds per indicated horsepower, the formulas give mean indi- 
cated pressures rather than brake mean effective pressures. 


Appendix 
DERIVATION OF EquaTIoN [1] 
The horsepower output of an engine is 


is 
xX bmep X 


33,000 


where n is the rpm and ¢ is the number of strokes per cycle. 
Naturally, the horsepower is also equal to the total fuel con- 
sumption divided by the specific fuel consumption 


2 
V pure 4 p x = x< 60 


f rxXf xX 1728 


2n 
Voure X X 60 


Th XA Xf X 1728 


where V pure is the volume of pure air in the cylinder before com- 
bustion (see Fig. 1), r the actual, rn the theoretical ratio, \ = 
r/rin the excess-air factor, and p the weight of 1 cu ft of air under 
NTP conditions. 

From Equations [3] and [4] 


p Voure 
aM I 


bmep = 13,750 


Vaisp 
A volume of 1 cu ft of dry air under NTP conditions weighs 
0.0765 lb, therefore 
1050 
 Vaisp ; 
It should be realized that Vpure is more than that part of the 


air delivered which is retained in the cylinder. It includes some 
pure air contained in the residual gas remaining in the cylinder 


bmep = 
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THE CHART GIVES THE CORRECT bmep-s FOR A SPECIFIC 
FUEL CONSUMPTION f+0.6 L8 PER BHP-HR, A CHEMICALLY 
CORRECT AIR-FUEL RATIO 16,5, AND A VOLUMETRIC 
EFFICIENCY 


FOR OTHER VALUES MULTIPLY THE CHART READING BY: 
2.4 


40 43 14 15 16 17 19 2.0 
EXCESS AIR FACTOR A 


DEFINITIONS : 
SCAVENGING EFFICENCY: fet 
Ver? 


VOLUMETRIC EFFICIENCY : 
isp 


UTLIZATION FACTOR: 
ret *“shor? 


CHARGING EFFICIENCY : 
isp 


DELIVERY RATIO: fet Vehort 
Yaisp 


EXCESS AIR FACTOR: bee 
Viheo 


Yep 
RESIDUAL COMB. 


3 
AS PRODUCTS 


SA 


from the previous cycle. Referring to Fig. 2, the following defini- 
tions and relations can be written: 


SS 
<x 


Veet, Vep, and 
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Fig. 1 Revation Between Ex- 
cess-AIR FactoR AND BRAKE 
MEAN EFFECTIVE PRESSURE 
(This chart covers both four-stroke- 
and two-stroke-cycle engines of all 
types at_any load.) 


Fic.2 Diagram SHOWING CHARG- 
ING Process oF INTERNAL-ComM- 
BUSTION ENGINE 


(Diagram represents either a two- 
stroke-cycle engine or a four-stroke- 
cycle engine with considerable valve 
overlap. Ina four-stroke-cycle engine 
without valve overlap, the air short- 
circuited tehort is zero and the area 
below the dash line is missing.) 


In Equations [6] to [10], we have five unknowns: Vopure, 
These can be solved for Vpure for 


which we get 


Vet 
J ret + V res , Nvol Nec 
pure = J ces {11 J 
Vet + Vres 1 00 1) mc 
V pure r 1050 Nvol Nec 
Vtheo Tth (8] 1+ 1)nec 
Vows Veen {9} which can also be written as 
Vep Viheo 0.4 14.5 Neo 
Veet Tth 1 + (A 1) Nee 
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Discussion 


H. M. Jacku1n.? In discussing this paper, it was thought that 
the results of a brief study of the performance of approximately 40 
Diesel and compression-ignition engines would be interesting. 
The results of this study appear in Fig. 3 of this discussion. It 
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Fig. BETWEEN Pg AND Speciric DispLACEMENT FOR 


INJECTION-TyPE O11 ENGINES 


will be noted that these oil engines have been divided into four 
classes: 


Two-stroke cycle with uniflow scavenging. 
Two-stroke cycle with reversed-flow sc avenging. 
Four-stroke cycle. 

Two or three engines using spark ignition. 


Also, it will be noted that the range of cylinder sizes used in each 
classification is depicted on the same figure. The data show 
brake mean effective pressures appearing in the vertical scale and 
were taken from published data of performance at full load; and 
these data were plotted against the specific displacement ex- 
pressed in cubic feet per brake horsepower hour. It should be 
noted that the specific displacement is simply a measure of 
the volume displaced by the pistons and is probably the maximum 
volume of air that any of these engines could use. However, 
lowered volumetric efficiency seems to make it necessary for cer- 
tain engines to have a high specific displacement in order to deliver 
the output. If it be assumed that all the engines were rated with 
the same actual air-fuel ratio in the cylinder, it would be expected 
that all points would fall on one line. 

Uniflow two-cycle and four-cycle engines have both shown 
brake mean effective pressures above 110 psi. Following down 
the curve, it is found that the best reversed-flow two-cycle engine 
has a brake mean effective pressure of about 82 psi, and that all 
the rest of the ordinary two-cycle units range downward to close 
nd 40 psi mean effective pressure, with a specific displacement of 

0 cfm. 


- It is thought that these data indicate that the various manu- 


* Professor of Mechanical Engineering, Purdue University, Lafa- 
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facturers are rating their engines at approximately the same 
smoke density or, better still, the same actual air-fuel ratio. 
Further, these data demonstrate that it is entirely possible to 
show as high brake mean effective pressures with the two-stroke 
cycle as with the four-stroke cycle when the two-stroke cycle has 
been properly studied and developed. 

It would appear that the relative volumetric efficiency of the 
various engines in this study would vary somewhat inversely as 
the specific displacement. 


Ravpw Mitier.*? The volume of air taken in on the suction 
stroke of a four-stroke-cycle Diesel engine is less than the piston 
displacement, because of the combined effect of pressure loss 
through the inlet valve and heating of the air during the suction 
stroke by the hot walls. Contrary to the suggested use of a 
scavenging efficiency factor, the residual gas in the clearance 
volume has no effect upon the volumetric efficiency of a four-cycle 
engine. 

This can be proved by calculating the temperature of the mix- 
ture of the gas and fresh air in terms of the initial temperatures 
and then calculating the volumes of the residual gas and the air 
charge. It will be found that the expansion of the air charge, 
when raised from atmospheric temperature to the mixture tem- 
perature, equals the contraction of the residual gas. It follows 
that the volumetric efficiency cf a four-cycle engine is neither 
affected by the temperature of the residual gas nor by the 
volume of the clearance space. The volumetric efficiency is 
always equal to the efficiency which would be obtained with zero 
clearance. 

The foregoing is based upon the assumption that (1) the pres- 
sure at the end of the exhaust stroke is the same as the inlet- 
manifold pressure, also (2) that the specific heat of the residual 
gas and the incoming air is the same. Actually, the specific heat 
of the residual gas is about 3 per cent higher because of the higher 
temperature and the CO; however, the effect on volumetric 
efficiency is negligible. 

Valve overlap does not clear out residual clearance-volume gas, 
but, if carried to extremes, will reduce the volumetric efficiency. 
Tests on a 10 X 12-in. 750-rpm, and a 12'/2 X 15-in. 300-rpm 
engine showed a drop in volumetric efficiency from 87 per cent 
with 30-deg overlap to 68 per cent with 140-deg overlap; that is, 
the value Vuei in Fig. 2 of the paper was only 68 per cent of piston 
displacement, indicating that the short circuit was reversed. 

Although the author correctly assumes that the scavenging 
efficiency Nz. is 1 in a four-cycle engine, his Equation [6] does not 
permit this assumption. Volumetric efficiency likewise seems to 
be in error as given in Equation [7]. The volumetric efficiency 
of a four-cycle Diesel engine is simply the ratio of the volume of 
air taken in (referred to atmospheric conditions) to the piston 
displacement. The fresh air in the residual gas amounts to about 
1.5 per cent of the piston displacement in an engine with 14:1 
compression ratio when operating with 100 per cent excess air or 
about 75 psi bmep. By adding the percentage of fresh air in the 
residual gas to the volumetric efficiency, a true expression of 
the percentage of total air is obtained. 

At the present state of the art few, if any, Diesel engines are 
being rated above 80 psi bmep for heavy-duty continuous service. 
This limit is imposed by the temperature of the cycle rather than 
by combustion. Many engines can operate with clear exhaust up 
to 105 psi bmep but cannot be rated tor continuous service above 
75 to 80 psi. 

To utilize the higher ratings permitted by good combustion 
efficiency, new materials must be developed for the parts that 
suffer from increased temperatures, such as cylinder liners, 
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pistons and rings, valves, ete., or methods of cooling these parts 
must be developed far beyond any systems in use today. 
Proof of the foregoing statements is given as follows: 


Clearance gas T; 
Piston-displacement V2 
Weight of displacement volume............... W2 
Temperature of displacement volume.......... T2 


Then 
Total heat in gas = Wi X T; X C, 
Total heat in air = We X T: X C, 
Total weight of mixture = W, + W2 
Total heat of mixture = (Wi X 7; XK C,) + (W2 X T: X C;) 
From this 


Temperature of mixture 
T, = (T; X Wi X C,) + (W2 X T2 X C;) 
(Wi + x C, 
(T:W,) + (T:W2) 
(Wi + W2) 


deg Fahr 


If it can be shown that the gas volume at 7’, temperature plus 
the air volume at 7; temperature is equal to V; + V2, or the 
clearance volume plus the piston displacement, then it is proved 
that the residual gas has no influence upon volumetric efficiency. 


V T 
Volume of air at temperature of T; = ud 3B. 


Volume of gas at temperature of 7; = 


(T: X Wi) + (T2 X We) 
Ts = 


(Wi + W2) 
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Substitute for 7’; 


((T: X T2)(Vi + V2)] X UT: X V2) + (T: X 
(Vi X T: + V2 X T1)(T: X 


AUTHOR’s CLOSURE 


+ V2 


In his interesting discussion, Mr. Miller furnishes a neat. 
mathematical proof to the effect that the ‘‘residual gases in the 
clearance volume have no effect upon the volumetric efficiency of 
a four-cycle engine,” if the inlet-manifold pressure is equal to the 
pressure at the end of the exhaust stroke, that means with no 
supercharge. In turn, he contends that Equation [7] of the 
paper, defining the volumetric efficiency, and Equation [6], de- 
fining scavenging efficiency, are incorrect. Mr. Miller does not 
suggest that Equations [1] and [2], which give the relation be- 
tween excess air and brake mean effective pressure were incorrect, 
and they are considered valid within 0.5 per cent. (That minute 
error comes from the fact that the volume of the exhaust is about 
6 per cent larger than the volume of the air retained.) 

The disagreement can be reduced to preferences in the 
selection of definitions. The definition of volumetric efficiency, 
given by Mr. Miller as Vret/Vaisy is a popular one and is quite 
satisfactory as long as it is applied to four-stroke-cycle engines of 
the common variety. However, that same definition breaks 
down if applied to two-stroke-cycle engines, or even to four- 
stroke-cycle engines which have simultaneously considerable 
clearance volume and considerable excess air. The reason for 
this is that the power output of an engine is naturally expected to 
increase if either the volumetric efficiency increases or the scav- 
enging efficiency increases. It would be disturbing if that were 
not so. But, if we define volumetric efficiency as Mr. Miller 
suggests 


Veet 
Vaisp 
then Equation (1) will look like 
04 145 


bmep = 180 — - 
f 1— 1 


and brake mean effective pressure will increase when Vees in- 
creases. A definition which gives such results is unsatisfactory. 
Only in two cases will this definition of the volumetric effi- 
ciency avoid absurdity: 
1 If there is no excess air \ = 1 (carburetor engine), when 


(T; X Vi)T2 + (T2 X V2)T: 


(Ti X (T1 X Vi X T:) + X V2 X 
(Vix T:) +(V2X (Vi X T:) + (V2 X Ti) 
(T; X T2) 


(T; X T2)(Vi + Vs) 
(Vi X T:) + (V2 X T1) 


Clearance-gas volume + air volume at 7; (F) 


& x 4 (2 x (T; X Ts X V2) + (Vi X Ts X T2) 
T2 


(T2 X 


X V2) + (T: X 


(T: X T;) 


2 Ifthe residual-gas volume Vres = 0, when 


0.4 14.5 
Tth r 


If excess air is present and the residual gas is not negligible, the 
conventional definition of volumetric efficiency is unsatisfactory. 

A consistently satisfactory system of definitions can be arrived 
at by the following reasoning: 

The air delivered into an engine cylinder is split into two parts: 
i.e., the air short-circuited, which leaves through the exhaust port 
or valve overlap, and the air retained, which stays in the cylinder 
after port or valve closure 


Vohort + Veet 
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The utilization factor nut = Vret/Vaei is an index of the amount of 
air retained, as (1 — mut) is the relative amount of air that is 
short-circuited to the exhaust without participating in the com- 
bustion. 

The utilization factor is a measure of our success in utilizing the 
air without much waste. It is largely controlled by the scaveng- 
ing arrangement. 

There is another way to increase the amount of air retained, 
namely, by increasing the delivered air. The delivery ratio 


is a measure of the air fed into the engine and is predominantly 
controlled by the capacity of the blower. 

The air retained Vy, together with the residual gas Vres re- 
maining in the cylinder after scavenging, constitutes the cylinder 
charge Ven. This charge may be more or less than the displace- 
ment volume Vaisy depending upon the volumetric efficiency, 
which is 


Ven + Vres 


wa 
if disp 


Vaisp 


This volumetric efficiency is a measure of our success in filling 
the cylinder, irrespective of the composition of the charge. It is 
predominantly controlled by the scavenge pressure and the port 
(valve) size. It can be determined by a pressure gage and a 
thermometer at any point during the compression stroke. 

During combustion, part of the air contained in the cylinder 
charge burns and part of it, the excess air, is not involved in the 
attendant chemical reactions. Part of this excess air escapes 
through the exhaust with the combustion products; and part of it, 
Vies — Vep (Vep represents combustion products in the residual 
gas), remains in the cylinder and participates in the subsequent 
cycle. Therefore, the cylinder charge consists of three parts; 
i.e., the retained portion of the air delivered, part of the combus- 
tion products from the preceding cycle, and part of the excess air 
from the preceding cycle. 

The scavenging efficiency is a measure of our success in clearing 
the cylinder from the residual gases from the preceding cycle and 
is defined as 


Veet 


Ven Veet + Vree 


This efficiency is an indication of the contamination of the air 
charge. Principally it can be determined by gas analysis. 

The fresh air available for combustion is described by the term 
“charging efficiency” 


Veet 
fh 
disp 
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which is the term frequently called volumetric efficiency in four- 
stroke-cycle engines. The power output of the engine is roughly 
proportional to it. 

Simple algebra will show that 


Neh = NscNvol = NurL 


This is a consistent and convenient terminology, applicable to 
both two-stroke- and four-stroke-cycle engines. 

Naturally if Vres = 0, mc = 1 and neh = voi, and the conven- 
tional definition 


becomes valid. 

Now coming back to Mr. Miller’s thesis, that the size of the 
clearance volume and the temperature of the clearance gas have no 
influence upon the volumetric efficiency, the author agrees with 
that thesis under the stipulated conditions (no supercharge) if 
volumetric efficiency signifies the quantity which in his termi- 
nology is designated by “charging efficiency.” 

This may be made clearer by the following reasoning: 

Mr. Miller has found that if one takes Vaisp volume of air at 
Tin temperature and V. volume of air at Tres temperature and 
mixes the two together, without altering the pressures, the re- 
sulting temperature will be an intermediate Tmix and at that 
temperature the gas will occupy a volume 


= Va + Vaiep 


because the shrinkage of V.i7** will just equal the expansion of 
Vaisp? 

This is only possible if the amount of air retained in the cylinder 
is at every time Vaisp!™, irrespective of how much Va is or what 
the temperature 7'res is, for the following reason: After mixing, the 
cylinder charge consists of the retained air and the residual gas 


Ven = + Vres 


where all V’s without upper suffix refer to NTP conditions. 

This cylinder charge originated from sucking in Vaisp volume of 
air at Tin temperature and retaining Va volume of air at Tres 
temperature. 

Ver = Vater 
Since nothing gets lost out of the clearance gas during mixing 
Vree = Vail therefore, = 
Now in our terminology 


Veet 


= Neca = Nvol X Nac 


which simply means that, when the clearance volume is increased 
increases, decreases, and the product X mse remains 
constant. 
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Power Pulsation Between Synchronous 
Generators 


By TROELS WARMING,' MILWAUKEE, WIS. 


The power pulsation between synchronous generators 
depends on how close the system is to resonance with dis- 
turbing impulses. These impulses originate, in most 
cases, from four-cycle engines on the network. The 
reason is that such engines give a very low disturbing fre- 
quency, since an unbalanced torque will give only one im- 
pulse for every two revolutions. This frequency will often 
be close to the natural frequencies of a system of several 
generators in parallel. Consequently, it is necessary to 
find these natural frequencies and if we are close to reso- 
nance to calculate the power pulsation. In this paper is 
given a graphical method for finding the natural frequency 
of any number of generators running in parallel. An 
estimate is made of the unbalanced torque which may be 
expected from an internal-combustion engine. Based on 
this the power pulsation is computed. A simple formula 
is given for the case with only two generators in parallel, 
and it is shown how a system of several generators may be 
reduced to an equivalent system of only two. Of particu- 
lar interest is the influence of the damping on a vibrating 
system of this kind. This is illustrated by an example 
with three generators. According to the customary cal- 
culations, the parallel operation in this particular case 
should be very difficult. The damping, however, changes 
the form of vibration to an extent that operation is deemed 
safe. 


at very nearly constant speed. There is nothing mysterious 

about this; for instance, it would be easy to change this speed 
if an adjustment were made on the governors for all the generators 
on the network. However, it is impossible to change the speed 
of one generator without changing the speed of all. 

The phenomenon, effectuating this condition, is the synchron- 
ous torque, which constitutes a flexible coupling between the 
generator and the network or bus bar. This means that we will 
get a system of generators, each having a certain mass moment of 
inertia, and all connected through flexible couplings to a shaft (the 
bus bar), without any mass, Fig. 1. It is evident that vibrations 
may appear in this system. For their exact determination, we 
must know the spring constants, masses, and damping of the sys- 
tem, and frequency and magnitude of the disturbing impulse. 

The electric current in the rotor of an alternating-current 
generator produces a magnetic field which rotates with the engine. 
In the stator, another magnetic field rotates, but this field is ex- 
cited by the alternating current and must, consequently, follow 
the frequency of the bus bar. If this frequency is f cycles per 
sec, then the magnetic field will rotate f/p revolutions per second, 
with 2p = number of poles. 

Normally, these two magnetic fields will rotate at the same 
speed, except for the vibrations dealt with in this paper. The 


|: IS a well-known fact that alternating-current generators run 
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rotor field is leading about 20 electrical deg at full load. The 
two magnetic fields will react upon each other with a torque that 
increases with the phase angle; this torque provides the elastic 
force for the flexible couplings in Fig. 1. 


Fie. 1 Turee GENERATORS IN PARALLEL REPRESENTED BY 
EQUIVALENT MECHANICAL SYSTEM 


It is this same torque that transmits energy from the shaft to 
the generator. This means that the output of the engine is pro- 
portional to this torque, the speed of the generator being practi- 
cally constant. In other words the output of the engine increases 
with the phase angle. The rate of increase is given by the manu- 
facturer of the generator as Pz. Value P is the increase in kilo- 
watt output corresponding to an increase of 1 electric radian in 
the phase angle. For standard generators, the value of Pz at 
full load is approximately 3 times the kilowatt output. With 
decreasing load Pp decreases, and at no load the value is approxi- 
mately 60 per cent of the value at full load. 

It is now easy to figure the spring constant or synchronizing 
torque 7's. 


,000 
Ts= Pg: 1.34- plb-in. per mechanical radian 
n 
h 
where torque = 63,000- 


nm = engine speed, rpm 
1 kw = 1.34 hp 
p electric radian = 1 mechanical radian 


With f electric cycles per sec, we have f-60 = p-n. The formula 
then will be 


P 
Ts = 5,060,000 al 


n? 


Ib-in. per mechanical radian 


In case the bus bar has absolutely constant frequency, which in 
Fig. 1 will correspond to the condition that the shaft is fixed in one 
position (disregarding the constant rotation), we will find what is 
called the natural frequency for an infinite system. 


T's 386 
2 = = 060. 


35,200 
No = vibrations per min 
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where n = engine speed, rpm 
Pp = kw per electric radian 
f = electric cycles per sec 

WR? = total lb-ft? in unit 


In the United States the standard is f = 60 electric cycles per 
sec. This will bring the formula into the following form 
_ 272,000 P 


No vpm 
n WR 

When several generators run in parallel, considerable simplifica- 
tion will be achieved, if all mass moments of inertia and spring 
constants are referred to a system rotating at 60-f revolutions 
per minute. This will, in most cases, mean 3600 rpm. Electrical 
and mechanical degrees then will be identical. In this system we 
will have 


_ 63,000 
60-f 


144 
m = WR?- ( Ib-in. sec? 


1.34 lb-in, rad~! 


For f = 60 we will get 
Ts = 23.5-Pp lb-in. rad~! 
WR?-n? 


m= 34,700,000 sec? 


Modern generators are furnished with damper windings. 
Their effect is to provide a damping torque proportional to the 
velocity with which the phase angle changes. This damping is 
T p lb-in. sec rad~!. On most generators 7'p has a magnitude of 
between 0.5 and 1.5 per cent of the synchronizing torque 7's. 
In this paper, an average value Tp = 0.01 7's isused. It makes 
no difference here to which system the values are referred. 

The impulses originate, in most cases, from irregularities in 
the driving machinery. To obtain an estimate of what may be 
expected from an internal-combustion engine, the following as- 
sumption is made: One half of the cylinders firing consecutively 
have a mean indicated pressure (mip) 10 per cent above the aver- 
age mip, and the other half have a mip 10 per cent below the 
average. A greater unbalance is not to be expected, and in case 
it should occur, there will be justification in demanding a better 
adjustment of the fuel pumps. 

The indicated torque of the engine will then be roughly as 


iST HARMONIC 


10% = 12.7 TORQUE 
10 To -AVERAGE TORQUE 
10°le 


~ 


~ FOR 2-CYCLE= I REVOLUTION 
FOR 4-CYCLE = 2REVOLUTIONS 


Fie. CatcuLaTinG DistuRBING IMPULSE 


shown in Fig. 2. The result will be a disturbing impulse, 
I sin wt = 0.127 M, sin wt, where M,; = mean indicated torque. 
With a mechanical efficiency of 80 per cent, this will correspond 
tol = 0.16 Mz, where Mg, is the mean effective torque. 

This torque must be referred to the same system rotating 
60-f rpm 
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h 
I = 0.16-63,000 Ib-in. 
60-f 


For f = 60 we will finally get a disturbing impulse 
I sin wt = 2.8-hp sin wt Ib-in. 
where hp = the horsepower of the disturbing unit 
us 
N 
30°” 
Np = impulse frequency. For a two-cycle engine, Np = 
rpm; for a four-cycle engine Np = '/: rpm. 


It may be added that other disturbing impulses might occur 
but in most cases the foregoing one will be predominant. 

All necessary data for computing the vibrations have now been 
described. The appearance of the vibrations, as previously men- 
tioned, is a variation of the phase angle between bus bar and gen- 
erator rotor. When this angle changes, two things happen: (1) 
A pulsating torque will be applied to the rotor and stator struc- 
tures. The resulting stresses might loosen the magnetic coils or 
have other detrimental effects. (2) The output of the generator 
will change, and we will get a certain power pulsation between 
the generators on the network. The result might be flickering of 
the lights. 

The magnitude of the vibrations is usually measured by per- 
centage of power pulsation. If the output varies from (K + L) 
to (K — L), then the pulsation is 2L. Most generators are 
designed so they momentarily can stand a power pulsation of 150 
per cent of the rated output. For continuous operation, however, 
only 66 per cent is tolerated. 

The parallel operation of two or more generators can now be 
investigated. As mentidned before, all values are referred to a 
rotation at one speed, which usually is 3600 rpm. The relative 
amplitude s of any one of the generators will determine the torque 
s-Ts on the unit as well as the power pulsation 2-s-Pp = 
2-s- Ts 

23.5 
power so Ys:Pp = 0. Consequently, we also have Zs-T's = 0 
which means that the combined torque on the bus bar from all the 
generators is 0. Confirmation is thus provided that it is correct 
to compute the vibrations of the mechanical system, Fig. 1, in- 
stead of the real system with electrically connected generators. 


. The bus bar has no capacity for absorbtion of 


Two GENERATORS IN PARALLEL 


The conception is quite simple when there are only two genera- 
tors on the network. The two masses m, and m2 are connected 
to the bus bar through springs with spring constants 7's; and 7's, 
Fig. 3. So far no damping is considered. The two natural fre- 
quencies for an infinite system are found by 

me 

The bus bar has no mass, so it is evident that the system in Fig. 3 

may be replaced by the system in Fig. 4. We have here the same 

two masses m, and m, directly connected with a spring having 
spring constant 7's 


Ts Ts; Tse 
The natural frequency of such a system is found by 
T 3(m, + me) T's, + 
T 31 T s2 
30 


wo? 


Ts = k-Pp 
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WARMING—POWER PULSATION BETWEEN SYNCHRONOUS GENERATORS 


N ge vibrations per min 
Pu + Pm 


where N, and N; are the two natural frequencies for an infinite 
system; No will always be between N; and N». 

It is now supposed that an impulse J sin wt acts upon m;. The 
two masses then will vibrate with movements a; sin wt and 
a, sin wt. The relative amplitude isa, = a; — a). Value a, will 


BUS BAR 
Ts | Ts2 | 


Fia. Two GENERATORS ON NETWORK, REPRESENTED BY Two 
Masses Connecrep To Bus Bar THROUGH SPRINGS 


m, Ts 


a,sinwt a,sinwt 


Tsinwt 


Fic. 4 System or Fic. 3 Reptacep By Ong Bus Bar 
NATED 


BUS BAR 


m, 


Tp Toe 


Fig. 5 System or Fic. 3 With Dampina INTRODUCED 


TI sinwt 


Ts 
mi 


a, sin(wrea) 


a, sin(wtr 8) 


Fig. 6 Sysrem or Fic. 5 Reptacep sy One Wi1TH Bus Bar 
NATED 


2- Ts ‘a, 
determine the torque 7's-a, and the power pulsation 35 be- 


tween the two generators. In order to find a, we will consider 
the instant of maximum amplitude. Acceleration force and 
spring force on mz: must here total zero 


Ts5:a, + maw? = 0 


Ts 
a, = —a, —— 
T + m2) 
but = 
my, * Me 
wo? My, 
sO a; = - 
+ m2) 
w2(m, + me) — 
and 


w?(m, + m,) 
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The forces on the system as a whole from acceleration and impulse 
also must total zero. 

I + maw? + maw? = 0 
With the help of the equations for a, and az we then get 


I + a,m,(w? — wo?) = 0 


This formula gives the relative movement of the two generators 
when no damping is considered. 

The influence of the damping will be examined at resonance 
only, which may be represented by the system shown in Fig. 5. 
In this case, we have as before the two masses m, and mz connected 
to the bus bar by springs with spring constants 7's; and 7'sz. In 
addition, however, we now have damping in the system, the two 
damping coefficients being 7'p; and lb-in. sec rad~. 

To simplify this system in the same manner as before, it is 
assumed that spring constants and damping coefficients for the 
two generators are proportional 


To _ Toe 
T se 


This assumption is fairly correct as said proportion in most 
cases is around 1 per cent. If the assumption is not correct, and 
an exact analysis is desired, a method must be used similar to the 
one developed later for several generators in parallel. This 
means that one of the generators must be replaced by an equiva- 
lent generator with the correct damping. 

Using the foregoing assumption, it will be seen that if, at cer- 
tain amplitudes, the two spring forces equal each other, then the 
two damping forces will also be equal to each other. The bus 
bar has no mass, so this means that we again can forget about the 
bus bar and connect the two masses directly, as shown in Fig. 6. 


Ts Ts Ts 
T 
Tp = 
D Ts 


When the impulse / sin wt acts upon m, the result will be ampli- 
tudes a; sin (wt + and a; sin (wt + 8), asshown in Fig. 6. The 
forces acting upon m, are spring force, damping force, and accel- 
eration force. The vector diagram for these forces is shown in 
Fig. 7. The angle y is comparatively small so we have approxi- 
mately 


T 5:4, = w? 


m,-a,-W* 


Fie. 7 Vecror DiaGRaM OF Forces 


Fic. 8 Vector DiAGRAM oF MOVEMENTS 
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We consider here only the case of resonance, therefore 


Ts(m + m) 


mM, 
Ts my, 


In Fig. 8 is given a vector diagram for the movements. This same 
diagram may be used as a force diagram for the forces acting on 
the system as a whole from acceleration and impulse. Each 
radian then must correspond to a torque of mw’. 

The acceleration force on m, is m; + a, * w? and is represented by 
CB =a. The acceleration force on m, is m2 + dz * w? and is repre- 


w? 


sented by DC = az ag The third force DB, which is necessary for 
1 


equilibrium, is then the impulse which we must have to excite the 
vibrations 


I = DB-mw? 


However, the triangle ABD is almost similar to the triangle in 
Fig. 7, so with approximation we have 

AB Ts 

DB Tp-w 


a,-Tp-w 
Ts 


a, = . 
m+ w? Tp 
This formula gives the relative movement of the two generators 


at resonance. 
It is now possible to establish a method of procedure for finding 


the relative movement a, of two generators in parallel. First find 
I 
the static movement a, = a caused by an impulse J sin wt on 


the free mass m;. Mass m, is that of the unit on which the dis- 
turbing impulse actually does act. The relative movement is 
then a, = a, . F, i.e., the static movement multiplied by the 


but cannot ex- 


magnification factor F. Value F equals 


2 
w? 
Ts 
ceed the value at resonance F = Toa With the average value 


Tp = 0.01-7 we get F = 
The power pulsation between the two generators now is 
B = 2-a,-Pp 
1 1 1 


P, = — — 
93.5 Pp Pri Pre 


Example. An example based on an actual installation with a 
two- and a four-cycle engine in parallel, will now be given. The 
electric frequency is 60 cycles per sec, so the corresponding for- 
mulas are used. 

Unit No. 1 is a four-cycle engine, 520 bhp, 350 kw, WR? = 
470,000 lb-ft?, 200 rpm, and Pg = 1880 kw. The natural fre- 
quency for an infinite system is 


: 470,000 


WR? 200 

Unit No. 2 is a two-cycle engine, 1500 bhp, 1000 kw, WR? = 
186,500 lb-ft?, 257 rpm, and Pp = 2290 kw. The natural fre- 
quency for an infinite system is 
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222,000 22007 _ 
= => m 
"257 ¥186,500 


The natural frequency of the system of two generators is 


+ Pp 
Ne = 
Prt Pr 


+ 2290-86? 
1880 + 2290 
= 101 vpm 
This practically gives resonance with the frequency of the dis- 


turbing impulses from unit No. 1, which is Np = 100 per min. 
The resulting power pulsation must now be found. 


I = 2.8-hp = 2.8-520 = 1450 in-Ib 


WR?-n? 470,000-2002 
34,700,000 34,700,000 


= 540 lb-in. sec? 


m = 


w? = 110 


I 45 
a, = = tons = 0.0244 radian 
mw? 540-110 
1 1 
F= = 50 


1002 
100 100 


The smaller value is used for F 
a, = a,-F = 0.0244-9.5 = 0.232 radian 
1 1 
Pp Pr Pr 1880 2290 1030kw 


Power pulsation is 
B = 2-a,-Pg = 2-0.232-1030 = 480 kw 

This is 137 per cent of the rated output of unit No. 1 and much 
more than can be tolerated. It must be added that this result is 
based upon the previous estimate made of the unbalanced torque 
of an internal-combustion engine. Whether this estimate corre- 
sponds to the actual condition when the two engines were 
operated in parallel is not known. It is known, however, that 
the lights on the network flickered. 


SEVERAL GENERATORS IN PARALLEL 


Fig. 9 illustrates the case of several generators running in 


R 
BUS BA 


Ts, Ts2 Tsn 


— 


Fig. 9 REPRESENTATION OF GENERATORS RUNNING IN PARALLEL 


parallel, The damping so far is not taken into consideration. 
This condition is actually the same as that shown in Fig. 1. 
The natural frequency No of this system is found as follows: 
Assume that the system is vibrating with a forced frequency N 
and that the bus bar has an amplitude r. The impulse / that 
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excites these vibrations acts directly on the bus bar. No outer 
forces act on any one of the generators so the vibration of each 
generator will depend upon N and r only. Each generator then 
will react on the bus bar with a certain force, and the total of 
these forces will determine the impulse J necessary to keep up the 
vibrations. 

We will now keep the amplitude r of the bus bar constant and 
vary the forced frequency N. The necessary impulse J then 
will vary too and will be zero at some frequencies. These are 
the natural frequencies No of the system. 

Let the movement of the bus bar be r sin wt and let the move- 
ment of a generator be v, sin wt. At maximum amplitude, the 
forces on the generator mass m, from spring and acceleration 
must total zero. 


(r — 04): + = 0 


But the natural frequency for an infinite system is found by 


T sn 
Wy 
m, 
Wy? 
— wt 


The force reacting on the bus bar is 
K, T 


All these forces must total zero if w shall be the natural angular 
velocity wo, SO 


Either equation may be used for determining the natural fre- 
quency No of the system. The second one is more convenient as 
the natural frequency for infinite system N, usually is figured for 
all the generators on the network 

Pr Pro Pra 


= () 
— No? + Ni? No? 


This equation has n — 1 solutions. They may be found ana- 
lytically but that is quite a problem if the number of generators 
is higher than three. A graphical solution, however, will make 
the problem quite simple. This is shown in Fig. 10 for the case 
with three generators, but it is evident that the same method may 
be employed for any number of generators. 


Nt —> 


Fic. 10 Grapnican SotuTion For NaTuRAL FREQUENCY OF 
System Havine THREE GENERATORS 


Pra 


In Fig. 10 values are plotted for . for all three generators 


N,?—N 
on the network with N? as abscissa. The total of the amplitudes 
will be zero for two values of N*, which are easily found by a few 
trials, and these two values will correspond to the two natural 
frequencies No. It will be seen that there is always a solution for 
No between consecutive values of the natural frequency for an 
infinite system for the various generators. 

All these solutions, however, do not correspond to critical 
speeds, because the influence of the damping on a vibrating sys- 
tem of this kind is quite considerable. The damping not only 
limits the vibrations at resonance, but it changes the form of 
vibration to an extent that in some cases it will be possible to 
operate safely at what is believed to be a resonance point. 
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Fic. 11 Visration of A GENERATOR ExciTep From THE Bus Bar 
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Fie. 12) Vecror DiaGRaAM FoR MOVEMENTS IN SYSTEM 


A method has been developed to find the power pulsation in 
such a system with several generators. The basic idea is to sub- 
stitute the system of n generators with a system of only two. One 
of these is the generator on which the disturbing impulse acts. 
The other one is equivalent to all the other generators. On this 
system the previously found formulas may be applied. 

In order to use this method when there are several disturbing 
impulses in the system, it is necessary to take one impulse at a 
time. The resulting power pulsations must afterward be totaled 
in some way. 

That the generator mentioned is equivalent to all the generators 
on which no outer forces act means this: The equivalent genera- 
tor will react on the bus bar with the same force as all the other 
generators together. However, as will be seen later, the use of 
this equivalent generator is possible only as long as the forced 
frequency does not change. A different forced frequency will 
necessitate a different equivalent generator. 

The vibration of the generators without impulse is excited by 
the movement of the bus bar only. Therefore, in order to find 
the reaction on the bus bar from these generators, we will first 
study the vibration v sin (wt + a) of a mass m, connected to the 
bus bar through a spring constant 7's and a damping coefficient 
Tp, Fig. 11. The excitation for the vibration is a movement of 
the bus bar r sin wf. Fig. 12 is a vector diagram for the move- 
ments. Value r is the vector for the bus bar, v is the vector for 
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D 


Fie. 13 DraGram oF Forces 


the generator mass m, and s is the vector for the relative move- 
ment. 

A diagram of the forces on m is shown in Fig. 13. There are 
three forces. The spring force s-7's proportional to the relative 
amplitude s, the damping force s-w-7'p proportional to the rela- 
tive velocity s-w and perpendicular to the spring force, and the 
acceleration force m-v-w? proportional to the absolute amplitude 
v. This force diagram is similar to the triangle ACO in Fig. 12, 
as the angle C is made 90 deg. 


The natural frequency for an infinite system of this mass is de- 
termined by 


at 
™ 
2 
So AC «= ¢-— 
w? 
AB_ 
BC wo* 


The angle C is 90 deg so the point C must be somewhere on a 
circle with diameter BO = r. As a consequence, point A must 
be somewhere on a large circle, called the resonance-factor circle, 
with diameter 


Another determination for the location of A is given by 


angle A = angle D = arc tg ose 
8 
This means that point A also must lie somewhere on a circle, 
-T 
called the damping circle, in which arc tg “3 ? is inscribed. For 


the standard proportion Tp = 0.01 7's this will mean arc tg = 


where w is the angular velocity for the forced frequency. 

The location of point A is now found by the crossing of the 
resonance-factor circle and the damping circle. The amplitudes 
for the system in Fig. 11, are thus determined by a simple graphi- 
cal method. 

When several generators without impulse are connected to the 
bus bar, all the vectors for their vibration may be determined in 
this way, Fig. 14. 

It is here assumed that the proportion 7'p to 7'g is the same for 
all the generators. This assumption is not necessary for the solu- 
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tion of the problem, but it is thus made possible to use the same 
damping circle for the various generators. 

The generators will react on the bus bar with vectors m-v-w* 
and the resultant R of these vectors will determine the combined 
force on the bus bar from all the generators without impulse, 
Fig. 15. It may be added that this diagram may be simplified by 
omitting w*; the result will be the same. 

The equivalent generator mg can now be determined. A line 
in Fig. 14, parallel to the resultant R, will give us OA = vg, the 
amplitude of the equivalent generator. The mass is then deter- 
mined by 


R 


Ve w? 


mM, = 


The natural frequency for infinite system Ng of this equivalent 
unit is found by taking into consideration that A is also a point of 


the resonance-factor circle with d = This means that 


d may be determined, and then wg and Ng. The synchronizing 
torque for the unit then is T's, = mg:wg*. The damping coef- 
ficient Tp is determined by the same proportion 7 p to 7'g as for 
the other generators. If a different proportion is desirable, a 
special damping circle must be drawn for the equivalent unit. 


DAMPING CIRCLE 


RESONANCE FACTOR CIRCLE 
FOR EQUIVALENT UNIT 


Fie. 14 DriaGrRamM FoR DETERMINING VECTORS FOR VIBRATIONS OF 
System ConsisTInG or SEVERAL GENERATORS 


Fie. 15 ComBinep Force on Bus Bar From ALL GENERATORS 


A generator equivalent to all the generators without impulse 
is now determined with mass moment of inertia mg, synchroniz- 
ing torque 7'5z and damping coefficient T'pg. From the way this 
equivalent generator was determined, it will be seen that it will 
depend upon the forced frequency. A different forced frequency 
will give a different equivalent generator. Therefore this equiva- 
lent generator can be used only for the same frequency for which 
it was computed. 

The system of n generators has now been reduced to a system 


F 
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Fig. 16 DracramM For EQUIVALENT GENERATOR 


Damping circles are based on Tp = 0.01+ T,.Center Distance from baseline = ~ - Value w = Po * No 


Resonance-factor circles have diameter D = va 


Np = frequency of impulse 
Ne = natural frequency for infinite system 
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VECTOR FOR BUS BAR 


DAMPING CIRCLES ARE BASEO 
ON Tg. CENTERDISTANCE 


4 


ae 


ge 
TT 


1.03 


| FROM BASE LINE = -W* 
RESONANCE FACTOR CIRCLES 
HAVE DIAMETER 
Not 


Np= FREQUENCY OF IMPULSE 
N, = NATURAL FREQUENCY FOR 
INFINITE SYSTEM 


mMm.-V2= 9705-9.2 = 
8320 


Me-Ve= 21200 = _ 
2280-49.3 


14.70-9.2= 
13500 


Fie. 18 EquivaLENT GENERATOR DIAGRAM 


of only two. One of these is the generator on which the disturb- 
ing impulse acts and the other one is the equivalent generator. 
By applying the previously found formulas, it is easy to find the 
power pulsation Bp kilowatts for this system. Term Bp will 
then be the pulsation for the unit with the disturbing impulse. 
To find the pulsation for the rest of the generators, it must be 
remembered that the power pulsation for any generator is propor- 
tional to the torque with which it reacts on the bus bar. This is 
approximately also true when there is damping in the system. 
Therefore the pulsation B, of any one of the generators without 
impulse may be found with help of the diagram Fig. 15. 
Mg Vz 
The work of finding this equivalent unit is simplified greatly 
by using a copy of the diagram, Fig. 16. In this diagram is 
drawn a complete set of resonance-factor circles and damping 
circles, corresponding to an amplitude of 1 radian for the bus bar. 
The resonance-factor circles have diameters 


where Np is the forced frequency and Np is the natural frequency 
for an infinite system. The damping circles have their centers at 


. 50 
a distance from the base line of — corresponding to the average 


value of the damping coefficient Tp = 0.01-7s5. Term wp is the 
angular velocity of the forced frequency which, in most cases, is 


POWER PULSATION cate 
ORDER NO 
Ts = ] Power POWER 
PULSATION] PULSATION 
wR | a my 
LB IN SEC‘ LB IN RAD | ~/MIN | KW 
1 106 4 } _29 
= 
137) ? + 
——— t 
2260 250000 110 230 


We 1S EQUIVALENT TO ALL THE UNITS WITHOUT IMPULSE 
(SEE DIAGRAM) 


DISTURBANCE FROM UNIT NO 


N5= 100. ~/MIN wz = 110 | 
IMPULSE 1=2 8 BHP = £560 LB IN 
AND IN PARALLEL 
% ‘se 52500 250090 
= 45400(2065 2550) 59.6 = 76 MIN 
STATIC MOVEMENT: x 110 2228? RADIAN 
2.14 + . Jeo 9.5 
MAGNIFICATION: F= —g—— = NOT MORE THAN: F= ———— = 
We 
ws 
POWER PULSATION FOR DISTURBING UNIT B = 250. KW | 


Fic. 17 CaLcuLATIONS FOR PowmR PULSATION 
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one half of a synchronous speed. Consequently circles are drawn 
corresponding to one half of the usual synchronous speeds. 

Using this diagram, it is very easy to determine the vectors 
in Fig. 14. All that is left then is to make the force diagram in 
Fig. 15. 

The entire method will now be illustrated by an example with 
three generators in parallel. It is evident, however, that the 
same method can be used for any number of generators, with but 
little increase in the work involved. 

Example. There are three engines on the network, one four- 
cycle and two two-cycle engines. The electric frequency is 60 
cycles per sec so the corresponding formulas are used. 

Unit No. 1 is a four-cycle engine, 1200 bhp, 800 kw, WR? = 
925,000 Ib-ft?, 200 rpm, and Pg = 2230 kw. The natural fre- 
quency for an infinite system is 
272,000 Pr 272,000 2230 

Unit No. 2 is a two-cycle engine, 2250 bhp, 1585 kw, WR? = 
618,000 lb-ft?, 225 rpm, and Pg = 4260 kw. The natural fre- 
quency for an infinite system is 


272,000 4260 
~ 295 618,000 

Unit No. 3 is a two-cycle engine, 3850 bhp, 2715 kw, WR? = 
1,005,000 Ib-ft?, 225 rpm, and Pp = 6700 kw. The natural fre- 
quency for an infinite system is 


N2 = 101 vpm 


272,000 6700 


N 
: 225 1,005,000 


= 99 vpm 


To find the natural frequency No for the system of three genera- 
tors, curves could be drawn as shown in Fig. 10. In this case, 
however, it will not be necessary. We know there must be a 
solution for No between 99 and 101 vibrations per min, and that 
must be rather close to 100 which is the frequency of the dis- 
turbing impulses on unit No. 1. 

A computation, however, will show that the resulting power 
pulsation is not large. The calculations are arranged in Fig. 17 
with the diagram for the equivalent generator in Fig. 18. 

This example illustrates clearly the influence of damping on a 
vibrating system of this kind. Without damping in the system, 
there is a natural frequency of 100 vibrations per min. The 
masses of units Nos. 2 and 3 must then vibrate in opposite phase, 
180 deg apart. The damping, however, changes this angle to a 
few degrees. The two masses no longer vibrate against each 
other but practically in the same phase. Their effect on the bus 
bar is almost the same as of one large generator with mass my = 
Mm, + Ms. 


Discussion 


E. J. Kates.?. The author is to be congratulated on his simpli- 
fication of a most complicated and often troublesome problem. 
The paper should be of great help to engineers faced with the 
problem of operating, in parallel, generating units having differ- 
ing characteristics, which introduces difficulties not encountered 
when the units are alike. 


V. L. Materv.* The method presented in this paper seems to 
be original, logical, and to the point, and the author should be 
congratulated upon developing it. 

In connection with the presentation, however, it is regrettable 


* Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
‘Research Professor of Mechanical Engineering, Oklahoma 
A.&M. College, Stillwater, Okla. Mem. A.S.M.E. 
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that the author did not number his numerous formulas and equa- 
tions, as such numbering would aid their use and discussion. 

The reading of the paper is also made more difficult by lack of 
explanation in respect to several symbols. Thus, there is no 
definition of w (wo, w1, #2). Seemingly it is the conventional designa- 
tion for the number of free oscillations per sec. Other symbols, 
as n for rpm and f for cycles per sec are explained twice. 

The symbol mm is also not explained clearly. In one equation 
its dimension is given as lb-in. sec?, later it is called a mass, but 
the dimension of a mass is lb/(ft/sec?). 

The use of M, for mean indicated torque is confusing, since 
torque is designated usually and in the same paper by JT. The 
term “impulse” means the product of a force by the time interval 
during which it acts. Applying it to a torque is wrong and con- 
fusing. 

If the author would refer to a standard text from which he took 
his symbols and formulas, and use them consistently, the reader 
would benefit considerably. 

The example, based on two- and four-cycle engines in parallel, 
is very helpful for an understanding of the method and would be 
still more helpful for actual use of the method if the equations 
applied were numbered. 

Also it seems regrettable that the author took for an example 
abnormal conditions in respect to Pp. If the generators had 
standard Pp = 2.7 kw, the natural frequency of the system would 
be No = 85 vpm, the value of Pz for the system would be 697 kw, 
and the power pulsation B = 122.4 kw, or only 35 per cent of the 
rated output of unit No. 1. 

Finally, the writer believes that, for the benefit of designers and 
builders of internal-combustion engines, the paper could be con- 
tinued and an analysis made, whether it is possible by changing 
the WR? of the engines to eliminate an excessive power pulsation. 
If this is possible, it would be interesting to see in what direction 
and by how much WR? should be changed; for instance in the 
example cited, using the same not-standard generators, to elimi- 
nate objectionable pulsation. 

There seems also to be an interesting possibility of applying 
the author’s method for computing the flywheel effect (WR?) 
necessary for parallel operation of generators driven by internal- 
combustion engines. So far the required coefficient of steadiness 
was given more or less arbitrarily. 


Harte Cooke.‘ The writer has been interested in the author’s 
analysis of the oscillation of various generators when running in 
parallel. One of the conditions, however, which causes trouble 
is something not easily susceptible of mathematical analysis. 

When any oscillation of the generator takes place, be it from 
irregularities in the turning moment, such as the author outlined, 
or from any outside disturbance, the acceleration of the generator 
will affect the governor. This change in the governor will cause 
a slight displacement of the fuel racks, giving a slight increased 
increment of fuel. 

This slight increase in the fuel increment will cause an accelera- 
tion of the engine, but this acceleration will be delayed by a cer- 
tain time interval from the increase in velocity which caused it. 
Now, if this increased power increment, caused by the mevement 
of the governor, happens to synchronize with the regular swing 
of the generator, it will tend to build up the swing of the generator 
and, as this swing builds up, the power increment caused by the 
action of the governor will be increased slightly each time. This 
has been known to be enough to cause the generator to go out of 
step. 

There is another difficulty which might occur in the operation 
of generators in parallel, i.e., the generators might be unstable in 


Engineer, Diesel Division, American Locomotive Company, 
Auburn, N. Y. Fellow, A.S.M.E. Deceased. 
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themselves. When a generator is displaced in phase from the 
system or from another generator, there is a difference in voltage. 
This difference causes a current to flow between the two machines. 
However, due to the resistance, inductance, etc., there is a certain 
time delay between the difference in voltage and the current flow 
which it causes. The flow of current causes a magnetizing effect 
in the fields which tends to bring the generators back into syn- 
chronism. However, due to hysteresis, etc., there is a certain time 
delay between the flow of the current and the magnetizing effect 
which it causes. The effect of these time delays is that, if we 
consider the displacement of the swing of the generator as a sine 
curve, the sine curve of the current will be displaced a little and 
the sine curve for the torque will be displaced still further. 

Now with the sine curve, which is divided at the 90-deg points, 
the areas during each 90 deg will be equal. However, because of 
this displacement of the torque curve, the areas under it will no 
longer be equal, and the torque, which tends to bring the genera- 
tors together, will be greater than the torque which tends to re- 
strain them after they pass the synchronous point. If this dif- 
ference in area gives a greater effect than the losses in the system 
due to this, the swing of the generators will become cumulative 
electrically without any assistance from the engine. 


I. C. Benson. This paper presents a clever mechanical 
analogy in which several generators operating in parallel are 
shown and mathematically analyzed as a mechanical system hav- 
ing masses, springs, and damping effect operating upon the same 
shaft, which shaft corresponds to the electrical bus bar. The 
method avoids the long, cumbersome calculations usually utilized 
and still includes the effect of electrical damping forces. 

The paper presents a simple and concise theory and method for 
calculating and determining whether or not satisfactory parallel 
operation of generators will result, including operation near 
resonance. This represents a distinct advance in the art, even 
though for years synchronous motors have been operated near 
resonance when driving certain compressors and having certain 
damping effects. Also, in many cases, this results in a saving in 
flywheeleffect, shaft size, bearing size, efficiency, over-all space, etc. 

In both generator and motor applications connected to re- 
ciprocating forces, the damping force plays an important role 
along with the other system characteristics in determining the 
resulting operation. The damping force is due to the damper 
winding and field winding cutting the magnetic field, thereby 
producing torque which is in the opposite direction from that of 
the varying reciprocating forces of the engine or compressor, 
respectively. The damping effect varies widely with the design 
of the cage as illustrated in Mr. Linville’s paper.*® 

The average generator operates at approximately 20 electrical 
deg at which displacement, the per unit damping torque on the 
77,500-kva generator being approximately 0.01 due to the field 
winding alone, varies from 0.03 to 0.08, depending upon the per- 
centage span of the bars in each pole for open damper windings, 
and is 0.35 for a closed damper winding (one having connections 
between end rings of adjacent poles). These values refer to an 
unusual generator having high speed and large capacity, but the 
values will serve to indicate the effects of the damper-winding 
design. Accurate calculations for determining the damping force 
is a laborious task, and therefore some assigned values should un- 
doubtedly be set up for practical applications for use in the au- 
thor’s method. These values should be carefully set up by the 
generator manufacturers so as to be conservative but still provide 
satisfactory operating characteristics. 


6 Electric Machinery Manufacturing Company, 
Minn. 


Minneapolis, 


¢ “Starting Performance of Salient Pole Synchronous Motors,”’ by 


T. M. Linville, Trans. A.I.E.E., vol. 49, 1930, Fig. 11(a), pp. 531-547. 
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The graphical solution for the natural frequencies of a system 
of n generators for (n — 1) frequencies provides a convenient and 
accurate method which arrives at the desired frequency by the 
use of a few calculations. 

The circular diagram, showing the vectors of the bus bar along 
with those of the generators, illustrates the resulting operation, 
both above and below the forced frequency. It serves to clarify 
and explain the resulting operation of two or more generators 
operating in parallel, and therefore constitutes a welcome ad- 
vancement in the predetermination of parallel operation of 
alternating-current generators. 


F. K. Braryarp.?. When modern two-cycle, multicylindered 
Diesel-engine generating units are installed in old alternating 
generating stations having four-cycle units, the selection of suita- 
ble flywheels for the new units frequently becomes quite impor- 
tant. The two-cycle units, by themselves, generally require com- 
paratively light flywheels, but the problem usually is to take care 
of the possible low-frequency impulses which may be introduced 
by irregular operation of the four-cycle engines. 

In some cases, it is not feasible to keep all of the natural fre- 
quencies well away from the frequencies of the impulses which 
may be introduced by the four-cycle engines, and it becomes neces- 
sary to take the damping of the generators into consideration 
in computing power pulsation. 

The author is to be congratulated for having developed a 
method for handlingsuch cases, and for having shown that it is often 
feasible to operate with flywheels which would not be considered 
permissible if calculated by methods neglecting damping. This 
emphasizes the importance of damper design in such cases. 

It is usually possible, of course, to design the dampers of a par- 
ticular generator to be most effective for damping impulses of the 
frequency that is most likely to cause trouble, and for this reason 
close co-operation between the generator and engine builders is 
most desirable. 

Has the author tried solving this problem by the method of 
mechanical impedance? This is the application of the algebra 
of complex quantities to the solution of problems involving me- 
chanical vibration and has been used quite extensively for that 
purpose. This method can easily be applied to any number of 
generators without the necessity of substituting a single fictitious 
generator for those whose engines are not producing the un- 
balanced impulse, as the author has done, and seems to provide 
a simpler and more complete solution of the problem. 

The case of two machines is analogous to a problem solved by 
A. R. Kimball.* 

The case involving ‘‘n’’ machines has been solved by a member 
of our department, the final equations being as follows: 


EQUATIONS FOR CALCULATING PoWER PULSATION BETWEEN 1 
SyncuHronous GENERATORS RESULTING From aN UNBALANCED 
Imputse APPLIED TO ONE oF THEM 


N, wT an 


7 Allis-Chalmers Manufacturing Company, Milwaukee, Wis. 
8 “Vibration Prevention in Engineering,’’ by A. L. Kimball, John 
Wiley & Sons, Ine., New York, N. Y., 1932, p. 40. 
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2q.F 
(Pn + joTa)(l — + (Pr + — + ..... + jwT'an)(1 — gn) 


Pr + joT a 


5, = ado for all excepting No. 1 
Py, = (80 — + jwT a) 
Pn = 5o(1 — gn)(Prn + jwT'an) for all excepting No. 1 


F = unbalanced impulse produced by engine of No. 1 
unit 
Nz = frequency of unbalanced impulses from No. 1, in 
oscillations per min 
Py = synchronizing power of No. 1 generator 
P,, = synchronizing power of nth generator 
w = 0.1045 N; 
wT'4; = damping power of No. 1 generator 
wT'an = damping power of nth generator 
do = displacement of bus-bar voltage 
8, = displacement of No. 1 unit 
én = displacement of nth unit 
q: = amplification factor of No. 1 unit on an infinite 
system 
qn = amplification factor of nth unit on an infinite sys- 
tem 
P, = power pulsation of No. 1 unit 
P, = power pulsation of nth unit 
N,; = natural frequency of No. 1 unit on an infinite 
system, in oscillations per min 
Nn» = natural frequency of nth unit on an infinite sys- 
tem, in oscillations per min 
can be taken as approximately 0.010P,,, 


where 


Tan 


The units are numbered 1, 2, 3, etc., with the engine of No. 1 
producing the unbalanced impulse under consideration. The 
subscripts of the various symbols indicate the numbers of the 
units to whieh the corresponding quantities apply. 

Then, for the two problems in the paper, we computed the 
pulsation, based upon an unbalanced impulse of 12.7 per cent of 
the rating of the four-cycle engines, as he had done, and a damp- 
ing factor T, of 1 per cent of P, in each generator. This is in 
accordance with the author’s assumptions. In the first example, 
we got 330 kw which is somewhat different from the author’s 
result. That is 94 per cent of the rating of the 350-kw unit, or 
33 per cent of the rating of the 1000-kw unit. On the same basis, 
the second example showed 20.8 per cent pulsation for No. 1 
unit, 4 per cent for No. 2, and 3.8 per cent for No. 3. 


J.B. Sms. The writer is superintendent of the plant referred 
to in the paper, hence some observations on the paralleling prob- 
lem experienced in this plant may be of interest. 

Three of the engine generators are 1200-hp, 800-kw, 2400-v, 
200-rpm, four-cycle units. They were installed prior to the in- 
stallation of a 2250-hp, 1600-kw, 2400-v, 225-rpm, two-cycle unit 
in 1937, There was a good deal more electrical disturbance, prac- 
tically speaking, between the generators of the three four-cycle 
units when running together than when they were operating in 
parallel with the two-cycle unit which, incidentally, was equipped 
With a more sensitive engine governor. In the operation of the 
three four-cycle engines, there were two separate and distinct 
conditions observed: (1) A variation in speed and resultant fre- 
quency change with consequent power shifting from unit to unit 
due, apparently, to governor action; (2) a more or less constant 


* City of Grand Haven, Mich. 


pulsation between the three machines which apparently was a 
hunting, due we presume to inherent instability between the 
machines themselves. The older four-cycle engine governors are 
not as sensitive, and their frequency will often vary on the sys- 
tem from !/,to lcycle. This condition would appear to be almost 
entirely due to the lack of sensitivity of the governors, whereas, 
the pulsating effect might appear to be from other causes. 

After the installation of the two-cycle unit in 1937, which was 
equipped with a more sensitive governor, the operation of this 
unit in parallel with the four-cycle units appeared to help stabilize 
the system. Since installation of the new 3850-hp 9-cylinder 
two-cycle unit, the system seems to be operating with fair stability 
in so far as we can tell. Although there remains some pulsation 
between the four-cycle units, it may be said that this is not as 
pronounced when operating with the larger engines. The hunt- 
ing or pulsating between the machines seems to be particularly 
noticeable in the four-cycle engines. In fact, when these ma- 
chines were installed, reverse-power relays were put in on each 
generator oil circuit breaker, apparently with the thought that 
if the fuel should fail the unit would not continue to operate as a 
synchronous motor. Later, it was found impossible to operate 
the generators with the relays due to their constantly kicking out 
the circuits, and the relays had to be disconnected. It is evident 
therefore, that there was a considerable transfer of power back 
and forth between the generators. 

It may be of interest to know that the larger 9-cylinder-engine 
generator is connected through a bank of transformers to the out- 
door distribution system. In other words, this 9-cylinder unit 
does not work directly on the bus with the other four engines. 
The other four are on a 2400-v bus, and the newer unit works 
through a bank of 2400/7200-v, 2000-kva transformers, which 
have approximately 6 per cent reactance. 


AvuTHOR’s CLOSURE 


Professor Maleev points out that some symbols are not ex- 
plained and that the formulas are not numbered. That is 
admitted. Symbol w is the circular frequency of a vibration, 
measured in radians per second. With frequency N vpm we have 
w = N- x/30. Symbol m designates a mass moment of inertia 
with dimension lb in sec?. In most of the figures in the paper 
mass moments of inertia are pictured as masses which is 
the reason why m is often called a mass. It is also admitted 
that the condition in the example cited is somewhat ab- 
normal. However, it is an actual installation and it is the 
only case in our records where it is definitely known that there 
was trouble with the parallel operation. It was felt that this 
would be more interesting for the readers than an example made 
up at the author’s desk. 

Professor Maleev further suggests that an analysis be made to 
show whether it is possible by changing the WR? of the engines to 
eliminate excessive power pulsation. The answer is that this is 
possible of you can change the WR? for all the units in the plant. 
However, when a new unit is added to an existing plant, it is 
sometimes difficult to find a satisfactory solution. 

If, for instance, two engines run in parallel, it is possible to 
lower the natural frequency within certain limits by adding WR? 
to any one of the units. However, when the power pulsation is 
considered, it will be found that WR? added to the disturbing unit 
can bring down the pulsation to any amount desired while even 
infinite WR? on the passive unit cannot bring the pulsation below 
a certain limit. In other words, it is very important to have 
considerable WR? at the source of the vibrations, which in most 
cases is a four-cycle engine in the plant. 
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This was demonstrated by a recent example. A power plant 
had a four-cyele engine running at 277 rpm, with a very light 
flywheel giving a natural frequency on an infinite system of 162 
vpm. This is higher than the disturbing frequency of half engine 
speed or 188 vpm. The natural frequency of this unit in parallel 
with other units in the plant also was above 138 vpm. 

This is not a satisfactory condition: (1) Because value Pp goes 
down with decreasing load, thus bringing thesystem into reso- 
nance, and (2) because the light WR? on the disturbing unit in- 
creases the amplitude of the vibrations. The mere fact that you 
are 10 per cent away from resonance does not guarantee perfect 
parallel operation in a case like this. It was actually found by 
computation that by increasing the WR? on the four-cycle engine, 
thus bringing the system closer and even into resonance, the 
power pulsation was hardly increased. 

In a plant like this it is difficult to fit in new units. The cheap- 
est solution might be to change the flywheel on the earlier installed 
four-cycle engine. It is gratifying to know that Mr. Edgar J. 
Kates considers the paper a simplification; many seem to find the 
treatment rather complicated. 

Mr. Harte Cooke mentions two phenomena which are not dealt 
with in the paper. However, the first one should be taken care 
of with a correct governor and the second with a correct generator 
design and, as Mr. Cooke says, “these two peculiarities are ap- 
parently under control.” 

Mr. J. B. Sims gave some interesting information concerning 
the practical performance of the power plant used for the second 
example. The mathematics proves clearly that the resonance 
point where we happen to operate is an apparent resonance only, 
without any effects whatsoever. However, it is comforting to 
hear the superintendent of the plant testify that practice com- 
plies with theory. 
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Mr. Benson’s remarks are very much appreciated. Further 
information about the damping in the generators certainly would 
be welcomed. However, knowledge about the exact damping is 
not always important. In the first example given in the paper, 
the effect of higher damping would be proportionally lower power 
pulsation, but in the second example, change in the damping 
would have very little, if any, effect, although we here run exactly 
at resonance. The effect of the damping here is to determine the 
phase angle, and a moderate change in this angle will make no 
difference. In the first example, we have an actual resonance 
point, in the second an apparent resonance only, 

The method of ‘mechanical impedance,” suggested by Mr. 
F. K. Brainard, is quite similar to the method described in the 
paper, the difference being an analytical instead of a graphical 
treatment. An earlier graphical method without the fictitious 
generator was practically identical to Mr. Brainard’s method. 
However, it was felt that this fictitious generator would give « 
much clearer picture of the whole setup. Thus, using this 
method for the second example, it is evident without calculating 
more than the natural frequencies on an infinite system that the 
power pulsation will not be excessive although we run right at 
the resonance point. 

Mr. Brainard’s results for the two examples in the paper differ 
from the results given there. The reason for this is that Mr. 
Brainard uses a disturbance of 12.7 per cent of the kilowatt 
rating, while in the paper is used 12.7 per cent of the indicated 
horsepower. For the two cases, this will correspond to about 
17.8 per cent of the kilowatt rating. By multiplying Mr. 
Brainard’s results with this proportion, complete accordance will 
be obtained for the second example. In the first example there 
will remain a difference of about 4 per cent of the result, which 
might be explained by the approximations made in the paper. 
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INCREMENT 


Skercu or Test Buock or Woop, SHow1NG Location oF VARIOUS ANGLES OF GRAIN AND THEIR RELATION 


TO DirRECcTION OF TRAVEL OF ABRASIVE 


An Analysis of the Factors Responsible for 
Raised Grain on the Wood of Oak 
Following Sanding and Staining 


By G. G. MARRA,' SYRACUSE, N. Y. 


Attempts to minimize the development of raised grain 
without fully understanding the causes of its development 
have led to costly processing techniques in industry. The 
cause or causes of this condition may originate from any 
one or a combination of several of the many factors in- 
volved in the sanding operation. What these factors are or 
how they function is by no means well understood. The re- 
search reported, therefore, was initiated for the purpose of 
determining the more important factors responsible for 
the raised-grain condition as they pertain particularly to 
the wood of oak. 


NATURE AND DEVELOPMENT OF THE PROBLEM 


HE raised-grain effect in wood is a most puzzling and 

aggravating phenomenon which often accompanies the 

sanding and staining of wood surfaces. It arises after a 
satisfactory surface has been obtained and is induced by the 
action of swelling agents such as water stains, spirit stains, oreven 
by the humidity of the atmosphere. It is apparent that there is 
a direct relation between the presence of the swelling agent and 
the appearance of the raised-grain condition. It is also apparent 
that a latent reaction of the wood elements on the surface to the 
action of the abrasive is responsible for this condition. Conse- 
quently, the extent of raised grain may be used as an index to the 
severity of the treatment of the surface elements. Within 
limitations, it can also serve quantitatively as a measure of the 


‘ Inspector of Wood Aircraft Materials, U.S. Army Air Force. 

This work was conducted under the supervision of the department 
of wood technology, New York State College of Forestry, Syracuse, 
N. Y., 1940-1942. 

Contributed by the Wood Industries Division and presented at 
the Fall Meeting, Rochester, N. Y., October 12-14, 1942, of THe 
AMERICAN Soctety oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


effectiveness of a given set of conditions to produce a satisfactory 
surface. 

In accepted sanding techniques, a satisfactory surface is 
secured by the removal of all visible blemishes including machine 
marks, dents, and scratches from the surface. This is accom- 
plished by the use of a sequence of successively finer grits, each 
one in turn reducing the magnitude of the scratches produced by 
the preceding grit. The quality of the sanded surface is usually 
predetermined by the quality of the subsequent finish desired. 
After the required sanded surface has been attained by the sander, 
the finisher is still left with the problem of coping with whatever 
condition may have been created by the abrasive. One of the 
most common manifestations of the damaged condition of the 
surface is the raised-grain aftereffect of staining and, when 
present, it necessitates an extra hand-sanding operation before 
the filler can be applied. 

It is obvious that this extra operation is costly in large-scale 
production and, in severe cases, may even be a bottleneck to 
production methods. Furthermore, it may be desirable in some 
cases to avoid expensive sanding and finishing techniques now 
employed to reduce raised grain in general such as “glue-sizing”’ 
the surface before final sanding, sanding with extremely fine 
abrasives, the use of special stains to avoid raised grain, and 
wash-coating after staining to facilitate hand-sanding the raised 
grain. 

Koehler? has described the various types of raised grain 
occurring in the woodworking field in general and has pointed out 
that raised grain, caused by sanding and staining, is associated 
with the vessels. He showed that the abrasive action and the 
pressure applied are responsible for this condition by comparing 
a sanded surface with a planed surface before and after wetting. 


These are only two of the many factors involved in the sanding 


operation all of which may be divided into two groups, (1) those 


2 “Some Observations on Raised Grain,’’ by Arthur Koehler, Trans. 
A.S.M.E., vol. 54, 1932, paper WDI-54-9. 
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Fic. 2. Cross-Secrion PHOTOMICROGRAPH OF Woop oF a Rep Oak 
SHOWING SPRINGWOOD ZONE CoMPOSED OF LARGE, THIN-WALLED 
VessELS SURROUNDED BY A RELATIVELY Sorr Tissue AND DENSE 
Fiprovs TISSUE OF THE PRECEDING SUMMERWOOD; X75 
(Photomicrograph by S. Williams.) 


pertaining primarily to the abrasives and their application, and 
(2) those pertaining to variations in the structure and grain of 
the wood. 

Among the most important factors in the first group are: 

(1) Abrasive minerals; (2) type of coating and deposition; (3) 
grit sizes; (4) condition of the abrasive; and (5) speed of abra- 
sive and applied pressure. 

The second group contains the most important factors from 
the standpoint of this paper and, in contrast to those of the first 
group, are not as easily controlled because, not infrequently, 
several factors are present which vary even within a small block. 
These factors include: 


1 The alignment of the wood elements with respect to the 
surface being sanded. 

2 The direction of travel of the abrasive with respect to the 
alignment of the wood elements. 

3 The type and arrangement of the wood elements. 


Fig. 1 illustrates the location of the various angles of the grain 
and their relation to the direction of travel of the abrasive; Fig. 
2 is a photomicrograph of the wood of oak, showing the type and 
arrangement of the wood elements. 

Some of the more easily controlled sanding variables, such as 
speed, pressure, condition of the abrasive, types of minerals used, 
and sizes of grits, were studied first. The wood used in this pre- 
liminary work included both flat- and edge-grain stock, but aside 
from this selection, no further attention was given to the wood 
than is the rule in actual production. Since hundreds of blocks, 
sanded under all possible combinations of these conditions, failed 
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to show any definite correlation between raised grain and the 
sanding conditions, the problem was finally narrowed down to a 
study of the reactions with respect to the wood alone, as in- 
fluenced by a constant set of sanding conditions. 

This situation presented a continuous challenge because, in 
almost every experiment attempted, some blocks showed no 
raised grain whatever. Since the sanding conditions did not 
change, some characteristic of the particular block must have 
been responsible. Therefore, throughout the study, the opinion 
was held that if these characteristics could be ascertained in terms 
of wood structure it might theoretically be possible to eliminate 
raised grain by proper selection of material. 

Of necessity, the method of attack was essentially “hit-or- 
miss.” As soon as a pertinent wood variable was noted, a set of 
conditions isolating this variable was devised. This process of 
isolation was perhaps the most difficult part of the research. Be- 
cause of the many variations in grain which may appear in a 
small block, it was frequently necessary to evaluate a given vari- 
able in combination with several others which could not be 
reduced to constancy. 

Failing to obtain a good correlation was taken to indicate the 
presence of other unobserved factors, and the search proceeded 
until another was observed, and it in turn was subjected to further 
tests. This procedure finally led to an extensive use of the micro- 
scope and consideration of the anatomy of the wood. 

Critical diagnosis of the conditions involved in a relatively few 
blocks, representing all degrees of raised grain, was the method of 
study finally employed. No means of measuring accurately the 
quantity of raised grain could be devised, but judgment condi- 
tioned by constant observation of sanded surfaces was brought 
to bear in analyzing various types of this phenomenon. In this 
manner, some of the more important factors were determined 
and the task of correlating these with various sanding conditions 
was attempted. 

This study therefore does not represent the last word in the 
raised-grain problem but is rather a survey of the factors in- 
volved, with some definite correlations indicated. 


MATERIALS AND EQuIPMENT USED 


Wood. Most of the wood used in this experiment was supplied 
by a large furniture company in North Carolina, and part of the 
preliminary experimental work was carried out at its plant. The 
blocks consisted of 6-in. X 3-in. X 3/s-in. kiln-dried samples of 
hard maple, oak, Honduras maghogany, and Philippine mahog- 
any. These were kiln-dried as for ordinary production uses and, 
at the time of the preliminary tests, the following average 
moisture contents prevailed: 


Fic. 3 Sanpinc MacuinE SHOWING ARRANGEMENT OF PRESSURE- 
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Average moisture 


Wood content, per cent 
Honduras mahogany............... 8.5 
Philippine mahogany............... 4.5 


Abrasives. The products of two leading abrasive-manufactur- 
ing concerns were used in this research. They included flint, 
garnet (open- and close-coated), aluminum-oxide (electrocoated), 
and silicon carbide (open- and close-coated). The grit sizes were 
1/0 through 6/0 inclusive and were all mounted on E-weight 
paper. 

Sanding Machine. The sanding machine used was a small 
variable-speed sander, employing a belt size of 52'/2 in. x 4 in. 
It was capable of three no-load speeds of 1300, 2400, and 4400 
abrasive fpm. These speeds are somewhat slower than those 
used in modern production, but faster speeds could not be em- 
ploved safely. 

A pressure-control lever system was installed above the ma- 
chine which held the block securely while it was in contact with 
the belt. Also, the platen was covered with a #/j¢-in. felt pad 
shellacked in place and covered with graphited canvas. This 
arrangement reduced the shock on the grits and produced uni- 
form abrasion over the surface of the block. The entire assembly 
is shown in Fig. 3. 


EXPERIMENTAL 


Effect of Size and Type of Abrasive, Angle of Grain, and Direction 
of Abrasive on Raised Grain. Preliminary investigations on 
various species of wood with various sanding conditions revealed 
that the orientation of the grain with respect to the surface was 
an important factor in relation to raised grain. Further studies 
under more controlled conditions were therefore undertaken to 
substantiate the relationship. At the same time, an attempt was 
made to determine if the various abrasives and the direction of 
sanding with respect to the angle of the grain had any effect on 
the amount of raised grain produced. 

Although both oak and maple blocks were used in this par- 
ticular experiment, only the oak, because of its greater vari- 
ability, was considered in detail. 

Procedure. Blocks were first carefully selected and divided into 
two groups, i.e., one group having a definite angle of grain, the 
other group being relatively straight-grained. This was done for 
both the oak and maple with special care being taken to select 
only flat-sawn stock. The blocks were originally kiln-dried to a 
moisture content of 8 per cent for the oak and 9.5 per cent for 
the maple. Previous to testing they remained in a warm dry 
room for 5 months, during which time they reached an equilibrium 
moisture content of 5.9 per cent for the oak and 6.1 per cent for 
the maple. The blocks were grouped so that equal numbers were 
sanded against the grain, with the grain, and on straight-grained 
surfaces, for each of the grits. 

The abrasives used were 1/0 and 3/0 sizes of the following 
minerals: 


| Garnet, open-coated. 

2 Garnet, close-coated. 

3 Aluminum oxide, electrocoated. 
4 Silicon carbide, close-coated. 


Each belt was given a prerun on flat-grain maple before using 
on test blocks. The no-load speed of the belt was constant at 
2400 fpm. 

The pressure was maintained constant for the entire test, 
regardless of grit size or wood used. This was accomplished by 
suspending a weight pan from the pressure arm and placing a 
1?/;-lb weight in the pan. By application of the principles of the 
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simple lever system, this weight was found to produce a static 
pressure of 0.76 psi on the bearing surface between the block and 
the abrasive. 

Each block was subjected to a preliminary sanding with a 4/0 
aluminum-oxide electrocoated belt, hand-manipulated until the 
surface was uniformly smooth. 

In sanding, the actual length of time had to be extremely short 
because the belt was only 52'/2 inches long and, at the speed used, 
individual grits were in contact with the wood 9.1 times per sec. 
Because of the rigidity of the pressure mechanism, each grit fol- 
lowed precisely the same path at each rotation, thus introducing 
a condition which never obtains on large production machines. 
Consequently, a sanding time of only 2 sec was allowed for each 
block to minimize this effect. This interval was sufficient to 
insure proper contact and to allow the abrasive adequate time to 
cut below any irregularities resulting from the previous sanding. 

A sample of the sander dust was collected from each type of 
sanding for the maple blocks. This was accomplished by means 
of a vacuum cleaner, which was attached in such a position that it 
drew the dust directly from the belt. A small cloth bag fixed in 
the hose connection caught the dust before it reached the larger 
receptacle. It was anticipated that this material might reveal a 
difference in the abrasive action for the various conditions. 

After sanding, the blocks were moistened with an aqueous- 
alcoholic solution of Bismarck brown stain® (0.1 per cent Bis- 
marck brown, 7 per cent ethyl alcohol). This was applied gently 
with a small camel’s-hair brush and allowed to dry under room 
conditions. The blocks were then examined with the aid of a 
binocular microscope. 


Discussion OF RESULTS 


T'ypes of Raised Grain. Most of the raised grain on oak occurs 
in the springwood zone and is therefore associated directly with 
the vessels as indicated previously. Raised grain is also asso- 
ciated with the scratches and with the dense fibrous tissue, and 
on this basis it was classified into three main types as follows: 

1 Type I represents that condition which results from injury 
to the vessel walls. The ruptured and collapsed vessel walls, 
under the influence of water or other swelling agents, tend to 
reassume their original shapes and positions, but, depending upon 
the character of their attachments, the fragments may assume 
any position. This type may be further subdivided into three 
forms, depending upon their location with respect to the vessel 
aperture and the angle of the grain: 

Form A is represented by the condition occurring when the 
grain is raised at the point where a vessel dips below the surface, 
Fig. 4, and is therefore most prominent when the grain angle is 
pronounced. In degree, this form may vary from a slight pro- 
trusion of the thin vessel wall to a mass upheaval of the solid 
tissue surrounding the vessel. Consequently, the severest cases 
of raised grain are usually of this form. 

Form B is represented by the condition in which the vessel 
wall has been caved in and lacerated for some distance and, con- 
sequently, is most likely to occur where the grain is straight or 
slightly angled. In such cases, the fragments are in part attached 
to the rest of the wall, and on wetting are forced outward, as 
shown in Fig. 5. 

Form C is characterized by a washboard appearance resulting 
from a cave-in of the vessels, but without rupture or laceration, 
Fig. 6. In common with form B, it appears only on straight or 
slightly angled flat-sawn stock and, although of infrequent occur- 
rence on oak, it is a common characteristic of raised grain in 
maple. 


3 A stain was used in the swelling agent to facilitate microscopic 
inspection. 
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Fic. 4 Typr I Ratsep Grain, Form A; X6.7 


(a, Mild; grain angle 3 deg, growth-ring angle 0 to 2 deg, tyloses abundant, sanded against the grain. 6, Severe; grain angle 7 deg, growth-increment 
angle 16 deg, tyloses sparse, sanded with the grain.) 


Fic.5 Type I Ratsep Grain, Form B, OcCURRING ON STRAIGHT OR 
SLIGHTLY ANGLED GRAIN; X6.7 


2 Type LI is a type of raised grain which results from swelling 
of the elements constituting the ridges of the scratches and is, 
therefore, proportional to the scoring tendency of the abrasive, 
Fig. 7. 

3 Type III is a type of raised grain resulting from fiber-fiber 
separations which may or may not be apparent after sanding. 
The fibers may be solitary or in groups and are attached at one 
end, Fig. 8. In oak, this type occurs for the most part in the 
fibrous summerwood zone, whereas in maple it appears only in 
the springwood zone. 


Fig. 6 Type I Ratsep Grain, Form C; X12 
(Washboard effect occurring on straight or slightly angled grain when plane 
of abrasive cut just grazes springwood zone.) 


These types, although in themselves clear-cut and well-defined, 
did not permit of a similar complete and accurate classification 
with respect to blocks as a whole. This was due to the fact that 
variations in grain and structure, even in these small samples, 
permitted a diversity of types and quantity of raised grain to 
appear on the same block. However, the foregoing classification 
was useful in segregating differences due to the various conditions 
in any particular block. 

Effect of Size and Type of Abrasive. On the whole, the 1/0 grits 
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(a) 


hia. 7 


Type II Rarsep GRAIN Is ASSOCIATED WITH THE SCRATCHES; X21 


(a, Before wetting; 5, after wetting.) 


were productive of more raised grain than the 3/0 grits, as might 
have been expected from their more severe abrasive action. 
Microscopic inspection revealed that raised grain of Types II 
and [III was minimized with the 3/0 abrasive, but Type I was less 
consistent. In other words, Type I frequently appeared in 
quantity even with the 3/0 grits and occasionally was absent with 
the 1/0 grits. This indicated the presence of other factors in 
addition to abrasive action as noted later. However, in connec- 
tion with the rule, a close examination revealed that the presence 
of more Type I raised grain inthe case of the 1/0 grits was not due 
to greater caving-in of the vessel walls but to greater laceration 
of the walls which then were free to respond to the influence of 
the swelling agent. The action of the 3/0 grits resulted in just as 
much caving-in, but the walls were usually abraded free of con- 
tiguous elements and remained attached at the sides. Such 
collapsed walls were incapable of rising above the surface after 
wetting and, in appearance, had a striking resemblance to 
shallow open vessel lines. Actually, however, this was not the 
case, since the upper parts of the walls were merely collapsed in 
such a way that they formed “false bottoms” in the vessel 
cavities, Fig. 9. Such a condition might be detrimental to a 
satisfactory penetration of the filler. 

Under the conditions of this experiment, open-coated garnet 
seemed to be the most effective in reducingt Type III when the 
sanding was against the grain. Silicon carbide appeared to be 
most effective in reducing the permanent type of cave-in described 
in the previous paragraph and also in reducing Type I raised grain 
in general. 

Effect of Angle of Grain and Direction of Abrasive. The experi- 
ment showed that the angle of the grain with respect to the 
surface being sanded was the most important variable in connec- 
tion with the development of raised grain. The effect of the 
angle varied, within limits, not only with its magnitude but also 
with respect to the direction of travel of the abrasive. 

The maximum effects were observed to occur for angles be- 

‘ The word “‘reducing,”’ used in this sense, connotes a reduction not 


only in quantity but also in severity of raised grain, i.e., size of unit 
and height above the surface. 


Fig. 8 Type III Ratsep Grain Dve To FIBER-FIBER SEPARATIONS 
IN SUMMERWOOD OF OAK; X12 


tween 3 and 15 deg and depended largely upon the direction in 
which the belt was traveling. More raised grain resulted from 
sanding against the grain than in sanding in the reverse direction. 
In the lower portion of the range, sanding against the grain pro- 
duced all three forms of Type I, as well as Type ITI, raised grain. 
In reversing the direction, Form A of Type I was usually re- 
duced and Type III was entirely eliminated. In the upper por- 
tion of the range, Form A was dominant regardless of direction 
and was conspicuous even on the summerwood vessels. It was 
difficult to distinguish differences in the amount of raised grain 
when a large angle was present except for the consistent presence 
of more of Type ITI in every case of sanding against the grain. 
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(a) 
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(b) 


Fic. 9 Oak Lackine Raisep GRAIN 
(a, With typical ‘false bottoms” in vessel lines. 6, Same spot with false bottoms removed, exposing vessel cavity below.) 


Fic. 10 Oak Buiock SHow1nG ABSENCE OF TypE I Ratsep Gratin; X6.7 
(a, When grain angle is over 15 deg and sanding is against the grain. Note presence of Type III raised grain. ), When grain angle is less than 3 deg.) 


When the angle was over 15 deg, very little Type I raised grain 
was produced regardless of direction of sanding. This was due 
to the fact that the vessel apertures were very short, and the 
supporting tissue above the vessels was sufficiently thick to 
protect the thin wall from injury except for a short distance 
below the surface. Consequently, very little cave-in resulted 
and hence raised grain from this source was at a minimum, 
Fig. 10 (a). However, Type III raised grain was still in evidence 
at this angle when the sanding was against the grain. 

When the angle was below 3 deg the grain approached the 


straight-grain condition, ang variations in type were not readily 
distinguishable. When the grain was relatively straight, the 
vessels extended for a distance of 4 to 5 em on the surface, 
Fig. 10 (b). In such cases raised grain was usually at a minimum, 
and the direction of the abrasive had no apparent effect. When 
raised grain was evident, it was usually of Types I B and I C. 
Type III was occasionally present to a slight degree. As might 
have been anticipated, the permanent type of cave-in was more 
in evidence when the grain was straight because the condition 
extended for longer distances. 
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Additional Factors. ¥Flat-sawn lumber was associated with 
more raised grain than quarter-sawn lumber because in this case 
the maximum area of the springwood was exposed. The extent 
of raised grain in both cases, however, was determined primarily 
by the angle of the grain and the direction of abrasion. 

On the other hand, the relation was less predictable for lumber 
in which the growth rings were oblique to the surface, i.e., 
neither truly flat nor truly edge grain. These oblique-grained 
surfaces showed the greatest variation in the amount of raised 
grain. In some instances, pronounced raised grain resulted from 
sanding both against the grain and with the grain. Such cases 
were observed to occur when the slope of the grain was rather 
high and the growth-increment angle was between 15 and 20 deg, 
Fig. 1. Typel A raised grain was the most prominent type ob- 
served and was almost always characterized by the presence of 
solid fibrous tissue which was rigid to the touch, Fig. 4 (6b). In 
other cases, no raised grain whatever resulted from sanding in 
either direction, when all other conditions were apparently 
favorable. 

Blocks showing cross grain on the surface were so limited in 
number that the effect of this factor on the production of raised 
grain could not be determined under all conditions. However, 
observations revealed that it had the least effect on straight, 
flat-grained surface, and the most effect on angled grain when 
the direction of sanding was against the grain. 

The bark and pith sides of the same block sanded in the same 
manner were also observed to develop varying amounts of raised 
grain. Blocks with pronounced differences were numerous but 
no consistency of variation with respect to the two sides was 
apparent. Flat-sawn straight-grain blocks, however, showed a 
greater tendency to produce raised grain on the pith side of the 
block than on the reverse side. 

Tyloses (frothlike material common in the vessels of some 
oaks), when present in sufficient number, have a very marked 
effect in reducing Type I raised grain under all conditions. They 
are also effective in reducing the permanent type of cave-in, 
Fig. 11. This is obviously due to the support offered by the 
tyloses to the vessel wall in resisting collapse. However, both 
their presence and quantity are subject to great variation within 
a block, particularly for the species of the red-oak group. 

Raised Grain on Maple. Although not studied as intensively as 
oak, maple was observed to be more predictable with respect to 
the production of raised grain. This was undoubtedly due to its 
finer and more uniform texture. Angled grain appeared to be the 
most active factor in relation to raised grain but the angle was 
subject to great variation even on small surfaces, not only in 
respect to degree but also to direction of slope. In addition, the 
cross-grain angle varied considerably due to localized fluctuations 
in the direction of the grain. TypesI AandI Craised grain were 
the dominant types developed, and Type II was more prevalent 
than was true for oak. Type ITI, in contrast to the oak, appeared 
only in the springwood areas. 

Maple Sander Dust. Not much was learned by a study of the 
sander dust from the maple blocks. In general, the dust from the 
straight-grain blocks appeared to be composed of longer and 
cleaner shavings than the dust from the angled-grain blocks. 
Recognizable structures were not common in either case, but 
the former appeared to display more fiber ends intact than the 
latter. 

Fibers in groups of three or four were usually attached to a 
portion of a vessel wall. Fragments of vessel walls with no fibers 
attached were infrequent, which may indicate that the vessel 
walls probably always collapsed before the fibers above the wall 
had been removed. 

Under the pressure used (0.76 psi), the 3/0 grits produced shav- 
ings of such width as to represent only one fiber. The 1/0 grits 


Fig. 11 Fuat-Sawn Oak Biock SHowING ABUN- 
DANT TYLOSES AND LAcK OF COLLAPSED WALLS; X12 


produced two-fiber shavings quite commonly and occasionally 
one of three-fiber width. 


Errect oF Heat GENERATED DURING SANDING ON RAISED GRAIN 


The effect of heat generated by the abrasive action on raised 
grain was determined by sanding the same blocks for alternating 
periods of 5 sec and 30 sec each, under the same conditions. The 
differences in temperatures were very marked, and with few ex- 
ceptions, the 30-sec period resulted in more raised grain than the 
5-sec period. 


Errect oF APPLIED PRESSURE ON RAISED GRAIN 


An attempt was made to determine the exact effect of applied 
pressure on raised grain, but in spite of all possible refinements, 
no definite correlation could be obtained. 

Some blocks which had previously shown abundant raised grain 
under other sanding conditions were sanded with a worn-out 6/0 
aluminum-oxide belt under high pressure for 1 min. In every 
case, less raised grain resulted from this latter treatment than 
previously, indicating that pressure alone, in the absence of 
abrasive action, does not cause raised grain. 


MEcHANICcs INVOLVED IN RAISING THE GRAIN 


Although raised grain of the type described in this paper has 
always been associated with swelling agents, no literature was 
found in which the true nature of the forces acting was explained. 
It has been assumed that the grain, i.e., loosened fibers, groups 
of fibers, orvessel walls, rise as a result of the twisting and turning 
incident to the drying of the swelling agent. This process has 
been likened to the defects resulting from rapid drying of boards 
during seasoning. 

This view was held by the author until an attempt was made to 
reduce raised grain by reducing the drying rate of the swelling 
agent. Close observation of the entire wetting and drying 
operations under a binocular microscope revealed that the loose 
fibers appeared to rise as the swelling agent dried. This, how- 
ever, was largely an optical illusion. As the surface of the liquid 
receded toward the surface of the wood, the fibers appeared to 
rise higher and higher. Actually, the fibers or groups of fibers, 
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which were more or less well attached at one end, exhibited very 
little motion during drying, and it must therefore be assumed 
that their position above the surface of the wood resulted from 
the swelling action and not from the drying action. Individual 
fibers or loosely attached groups of fibers may recede to the 
surface of the wood as the liquid dries, perhaps pulled down by 
the surface tension of the liquid, as pointed out by Campbell in 
connection with the formation of a sheet of paper. Thin frag- 
ments of vessel walls with no fibers attached may remain in a 
raised position until after the surface of the wood has dried and 
then they may collapse completely. 

The lack of motion of firmly attached groups of fibers during 
drying was further substantiated by the use of the compound 
microscope equipped with an eyepiece scale. As soon as a surface 
was moistened, the medium power of the microscope was brought 
to focus on the uppermost tip of a group of fibers which pro- 
truded above the surface of the liquid. When the eyepiece scale 
was aligned with the long axis of such a group, any vertical dis- 
placement of the fibers was instantly registered on the scale, as 
indicated in Fig. 12. Furthermore, any motion of the group 


Fig. 12) Sketcu INpicaTiInG MANNER IN WuicH VERTICAL Dis- 
PLACEMENT DurRING DryINnG OF Loose Trp or a Group oF Fisers Is 
REGISTERED ON EYEPIECE SCALE 


resulted in moving the tips of the fibers under observation out of 
focus. By this technique, it was observed that very little motion 
resulted during drying and this mostly in a downward, not an 
upward, direction. 


CONCLUSION 


Over 2000 blocks were sanded and examined critically during 
the course of this research in an effort to establish the relationship 
between raised grain and the factors involved in the sanding 
operation. In placing the responsibility for the major portion of 
raised grain directly upon the wood variables, many sanding 
variables were first proved to be less directly responsible. These 
wood variables must be carefully controlled before a proper 
evaluation of the effect of various sanding conditions can be ob- 
tained. 

The factors involved in a wood, such as oak, are not only 
numerous but are subject to variation from block to block and 
even within the same block. The resulting interrelationships 
make it difficult to evaluate the factors and establish their relative 
importance. For this reason, the broad term “raised grain” was 
found to be inadequate to use as a measuring stick with which to 
compare results, and it was therefore necessary to differentiate 
various types of raised grain. Even with this refinement, it was 
practicable to characterize only small areas in which the factor 
under consideration could be isolated. By this means some order 
was injected into the complicated cause-and-effect relations of 
the many factors which of necessity must operate simultane- 
ously, 

*‘*The Cellulose-Water Relationship in Paper-Making,”’ by W. B. 


Campbell, Forest Service Bulletin 84, Department of the Interior, 
F. A. Acland, Ottawa, Canada, 1933. 
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However, the elucidation of definite rules by which the extent 
of raised grain on a particular board may be predicted must be 
preceded by the further application of the techniques and refine- 
ments in selecting blocks as outlined in this paper. The most im- 
portant factors have been ascertained, but the determination of 
the exact effect of some of them requires the careful selection of 
hundreds of blocks sanded under controlled conditions. The 
effect of oblique grain, for example, is not definite since it appears 
to be associated with both extremes of raised grain. Cross grain 
and the relation of the surface to the bark and pith are in a like 
category. 

The effect of pressure also is not definite, and its relative im- 
portance, with respect to temperature and abrasive action, re- 
quires further study. If it can be definitely proved that the 
effect of pressure is not as significant as the effect of heat gener- 
ated, then sanding techniques could be altered accordingly. 

A more thorough study should also be made of the false- 
bottom condition so prevalent on straight-grain surfaces sanded 
with fine abrasives. Since this may inhibit the proper penetra- 
tion of the filler, it might be advisable to take steps to avoid its 
occurrence. 

As was previously stated, this study was not initiated to solve 
the raised-grain problem but merely to determine the most im- 
portant factors involved. This has been accomplished and the 
opinion is still held that, although it may never be possible to 
devise sanding methods which will eliminate all raised grain, it 
may be possible with further study to select material which will 
produce a minimum of raised grain under predetermined sanding 
conditions. 


Discussion 


A. C. Fece.§ The types of abrasives and methods of appli- 
cation used in sanding wood have been subject to a number of 
investigations by the woodworking and abrasives industries. 
In making these studies, however, an attempt has usually been 
made to avoid any consideration of the influence of variations in 
the wood by confining the study to one species of apparently uni- 
form structure. In the interpretation of results, the influence of 
variations in the anatomical structure of the wood has been given 
little consideration. 

In this paper, the importance of wood structural character- 
istics is stressed and the effects of some of the possible variations 
are described. The results clearly show that variations in the 
wood structure and the alignment of the elements with reference 
to the path of the sanding belt are at least as important as the 
speed, pressure, abrasive, and other mechanical features ot 
the sanding operation. It is to be hoped that investigators 
of wood sanding will give this more consideration in the future. 

In the discussion of the effects of heat and pressure on raised 
grain, the author concludes that heat generated during sanding 
tends to increase raised grain, while pressure in the absence of 
abrasive action does not cause raised grain. Since the procedure 
used in studying the effect of applied pressure would probably 
generate more heat than that used to determine the effect 
of heat, it would seem that heat as well as pressure would 
have no tendency to cause raised grain in the absence of 
abrasive action. 


Sern Mapsen.’? Usual methods of machining the surface o! 
wood invariably crush down the walls of the wood cells, particu- 
larly when the cutting medium is blunt or dull. Ordinary sand- 


¢ Engineer, Western Electric Company, Kearny, N. J. Mem. 
A.8.M.E. 

7 Mechanical Engineer, Mattison Machine Works, Rockford, Ill. 
Mem. A.S.M.E. 
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paper grits are not adapted to cut but rather push off the wood 
particles, The grit particles, no doubt, press downward propor- 
tionately as much as they push sidewise to remove stock. 

Downward pressure tends to press down or crush the walls of 
wood cells, particularly where a cell is cut on an angle, and there 
is a thinned or feathered edge. The action is decidedly different 
from where a razor edge like a microtome is used in cutting the 
wood fibers. 

It is also quite reasonable to suppose that considerable surface 
heat is present instantly at the time of the abrasive contact of the 
grit with the wood. Thus, heat and pressure may briefly deform 
and set the walls of the wood cells. Subsequently, moisture 
entering such deformed cell walls will tend to restore them 
to their original shape. This then shows up in the form of 
raised grain. 

On this theory the raised grain would be in evidence to the 
greatest extent where the wood is most porous, a fact borne out in 
actual practice. Angle of grain will also cause a ‘‘spotted”’ effect 
in raised grain. 

From this reasoning it seems that we may have to provide 
sharper and better cutting elements. We might also take a 
lesson from common practice in wood finishing. A patternmaker 
coats a completed wood pattern with shellac and then sands the 


surface. The effect is that of adding ‘“‘starch’”’ to the cell struc- 
ture, thus helping resist cell crushing. 

The analysis of raised-grain structure in the author’s paper is 
timely and informative and offers much fact on which to base 
improved methods for its prevention. 


AUTHOR’S CLOSURE 


The abrasive action of the grits on wood surfaces is difficult to 
visualize. The author’s conception is that it is roughly similar 
to the cutting action of a two-man crosscut saw in that all the 
grits act simultaneously as cutter teeth and raker teeth. Some 
plowing action is also operative as the abraded particles spiral 
past concave faces of the grits and into grit clearances. In this 
conception, the pressure required would be that necessary to 
maintain the grits at an optimum cutting depth. Additional 
pressure would result in further deformation of the fibers below 
the penetration of the grits with little increase in the cutting rate 
of the abrasive. 

The character of the remaining sanded surface therefore de- 
pends upon the reaction of the fibers to whatever pressure is 
applied and upon the splitting or cleavage characteristics of fibers 
from one another, both of which are influenced by the many varia- 
tions in grain and texture of the wood. 
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Aircraft, with their rapidly increasing use of plywoods 
bonded with synthetic-resin adhesives, have made impera- 
tive a study of the behavior of both wood and adhesives 
under vibrating loads. It is desirable for aircraft engi- 
neers to know if the wood or the adhesive is likely to fail 
under repeated stress, what allowable stresses may be 
employed for various loading conditions, and what the en- 
durance limit may be. Should the bond show a tendency 
to fail, it is desirable to know if certain adhesives behave 
better than others. In this paper are contained some 
of the results so far obtained in a continuing program of 
research into the behavior of plywood and laminated wood 
of both normal and high density. Results on only normal- 
density plywood and laminated wood, bonded with ther- 
mosetting phenol-formaldehyde resin and with cold- 
setting urea-formaldehyde resin, are presented. 


F the fatigue behavior of plain wood, comparatively little 

is known, and still less is known about that of plywood. 

Stanton (1) in 1916 concluded that the endurance limit 
of spruce was about 27 per cent of the tensile strength which, in 
the material he employed, was low (6800 psi). Kommers (2) 
in 1927 reported tests made at the Forest Products Laboratory, 
on the basis of which values ranging from 26 to 30 per cent of the 
static bending strength were assigned Southern white oak, Sitka 
spruce, and Douglas fir. Schlyter (3) found that Sitka spruce, 
European spruce, and common European pine had endurance 
limits 22 to 25 per cent of the static bending strength. Kraemer 
(4) working with hardwoods (walnut and ash) and softwoods 
(pine and spruce) found endurance limits ranging from 25 to 33 
per cent of the bending strength. He discovered, moreover, 
that the endurance limit of the heavier woods could in some cases 
be evaluated by as few as 20,000 cycles, whereas the lighter 
specimens required several million cycles. Kollmann (5), evalu- 
ating the foregoing results, points out that, although the endur- 
ance limits for wood are relatively low, the ratio of endurance 
limit to specific gravity may be relatively high compared to the 
metals used in aircraft. Kraemer (6) investigating plywood, 
bonded with synthetic phenolic-resin film and with casein, found 
that if the grain of face plies was parallel to the axis of the test 
piece, the endurance limit was 26 per cent of the tensile strength 
for resin-bonded and 25 per cent for casein-bonded plywood. If 
the grain of the face plies was placed at an angle of 45 degrees to 
the axis, the endurance limit for resin-bonded material rose to 52 
per cent; for casein-bonded it remained practically the same, 
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or 26 per cent. Failure of the casein-bonded plywood in this case 


was caused by exfoliation of the veneers. 
TestinG PRocEDURE 

Material. Aircraft-quality birch veneer, '/is in. thick, was 
selected because of its strength and toughness and because it 
is moderately difficult to bond. The combination of strong 
wood and somewhat difficult bonding ability, consequently, was 
expected to reveal any tendency for the bond to fail under re- 
peated stress. Adhesives were thermosetting phenol-formalde- 
hyde film (Tego) and an aqueous solution of cold-setting urea- 
formaldehyde (Uformite CB551). These were representative of 
the two principal types of synthetic-resin adhesives commonly 
employed in aircraft. 

Veneers were laid up and bonded as follows: 

(a) Phenolic-resin film: Two-ply laminated, three-ply lami- 
nated, three-ply plywood. 

(b) Urea-resin solution: Three-ply plywood. 

Both laminated- and regular-plywood construction were in- 
vestigated in the phenolic-bonded material, because differing 
stress conditions are set up in laminated wood and in plywood, as 
is indicated in Fig. 1. Laminated wood behaves much the same 


Constant Bending 
Stress 


Fig. 1 


Stress DistRIBUTION IN LAMINATED Woop anp PLywoop 


as solid wood; but in plywood, with the face grain parallel to the 
specimen axis, the bending stresses are almost entirely concen- 
trated in the face plies, and the shear-stress intensity practically 
reaches its maximum at the glue line. If the bond were weakened 
by repeated stress, the behavior of laminated wood and plywood 
might be expected to differ. Only three-ply plywood was inves- 
tigated in the urea-bonded material because experience with the 
phenolic-bonded materials indicated that glue-line failure was 
more apt to occur, if at all, in plywood than in laminated wood. 

Machines. Cantilever-type machines were employed because 
these were more adaptable to flat plywood sheet material. More- 
over, the loading conditions provided both bending and shearing 
stresses. Motors operated at 1750 rpm. Fig. 2 illustrates the 
method of testing; the specimen has failed. 

Type of Specimen (Fatigue). Various types of specimens were 
tested to determine the shape which would most consistently 
yield fractures free of splits and would at the same time provide 
constant stress over a representative length of cantilever speci- 
men. It was found that the general shape, illustrated in Fig. 3, 
gave good resultsfor the varying lengths of specimens employed. 

To provide standards of comparison, static bending and ten- 
sion specimens were cut from each sheet of material adjacent to 
the points from which fatigue specimens were cut. Both bending 
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and from the static bending control specimens. In most in- 
stances specimens were the standard 1-in. width, but some were 
less. 


TESTING 


Each fatigue specimen was first calibrated by clamping the 
fixed end and loading the free end with dead weights to obtain 
the load-deflection curve. From this the modulus of elasticity 
was obtained and the stress for a given deflection calculated. 
Deflections were read to the nearest thousandth inch with an 
Ames dial. Dimensions of the specimen were measured with a 
standard micrometer. 

After calibration, the fatigue specimen was clamped in the 
machine and the motor started. In the preliminary runs the 
motor was stopped at rather frequent intervals, and the specimen 
was inspected for extent and type of incipient rupture. After a 
satisfactory shape and size of test piece had been found, speci- 
mens were in general permitted to remain in the machine until 
failure had occurred. 

It was necessary to determine some criterion of failure because 
a piece which had cracked and was carrying no load might hang 
on for a considerable number of cycles before parting. Conse- 
quently, when a crack had formed completely across the width 
of the piece, so that the cantilever to all intents and purposes 
was merely hinged at the line of the crack, failure was considered 
to have occurred. In general, it was found that failure, so defined, 
followed soon after the first appearance of a fatigue crack. 

Fatigue stresses ranged from 90 to 20 per cent of the static 
moduli of rupture of the controls. Because of the variability of 
the material, four to six pieces of each length were tested and six 
to eight lengths were employed. Two sets of runs from two ship- 
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ARRANGEMENT OF MACHINE AND SPECIMEN FOR FATIGUE 


Test 


Two - ply 
Laminated 


Three-ply 


a Plywood 
Bending Stress Shear Stress 
Intensity Intensity 
Fic. 3) Typicat Fatigue SPECIMEN 
m 

and tension specimens were cut from the phenolic-resin-bonded pl 
sheets but only bending specimens were employed for the urea- av 
resin-bonded plywood, because experience seemed to indicate 
that the bending test provided a better basis of comparison, inas- 
much as the fatigue tests were basically bending tests. Further- 
more, reliable tensile tests are difficult to obtain with wood. 

Static bending specimens were tested on a span 16 to 20 times th 
the depth of the specimen, to avoid appreciable shear deforma- co 
tions, and loads were applied at the third-points through small, th 
rounded blocks of compreg. Test specimens were 1 in. wide. of 

s Glue-line shear tests were made on standard plywood shear- are 


test specimens (7), cut from the fatigue specimens after failure, Pic. Typican DiaGrams or PLywoopd 
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TWO: PLY LAMINATED | TTT 
Bonded with Film (Tego) 
Average \Static Moduius of) Rupture 25500 p.s.i. 
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Fic. 6 Resutts or Fatigue Tests ON THREE-PLY LAMINATED BrrcH 
(Bonded with phenol-formaldehyde film, Tego. Average static modulus of rupture, 23,400 psi.) 


ments of panels were made on the three-ply phenolic-bonded tional limit, modulus-of-rupture, and modulus-of-elasticity values 
plywood. Considerable scatter was found in both sets, but the are summarized for the four classes of test specimens. 


averages fell fairly well along the same line. Fatigue Tests. Fatigue results are summarized in Figs. 5 to 
Test Resuts TABLE 1 RESULTS OF TESTS 

Results are presented in Table | and in Figs. 4 to 8, inclusive. Appar- 

Static Tests. Typical static bending load-deflection curves for a 
the phenolic-film-bonded materials are given in Fig. 4. They Moisture Modulus of 
conform to the general shape of such curves for plain wood and pel 
the tangent proportional limit is found to be 65 to 70 per cent Phenolie film: 
of the modulus of rupture. Moduli of rupture and of elasticity Hd 
‘re representative of material of this species and quality. oo ee 0.72 7-9 13500 20650 2.3 

In Table 1, average specific gravity, moisture content, propor- 3-ply plywood 0.66 7-9 12000 17400 2.0 
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THREE -PLY BIRCH PLYWOOD 
Bonded with | Phenol- Formaldehyde Film (Teqo) | 
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Fic. 7 Resutts or Fatigue Tests ON THREE-PLY PLywoop Bircu 


(Bonded with phenol-formaldehyde film, Tego. 


Average static modulus of rupture, 20,650 psi.) 
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Fic. 8 Resvutts or Fatigue Tests ON THREE-PLy PLywoop BirtH 


(Bonded with urea-formaldehyde ‘‘Uformite CB551." 


8, inclusive. Fatigue stresses are plotted as ratios of the static 
moduli of rupture, and numbers of cycles are plotted on a logarith- 
mic scale to bring out the trend. As is to be expected, a considera- 
ble amount of scatter is found in spite of the care with which 
the material was selected and cut. The general trend is apparent, 
however, and the averages of the plotted points fall fairly close 
to the indicated straight lines. 

The horizontal dotted lines, at approximately 25 per cent of 
modulus of rupture, represent averages of specimens which had 
not failed at 1,000,000 to 3,000,000 cycles of stress reversal. 
Whether or not these represent true endurance limits cannot of 
course be stated categorically. Some materials appear to have 


no true endurance limit, in the sense that they can be repeatedly 
stressed for an indefinite period without failing. 


Average static modulus of rupture, 17,400 psi.) 


At higher ratios of fatigue stress to static modulus of rupture, 
the number of cycles to failure drops off until at 90 per cent, 100 
reversals may be sufficient. 

Periodic examination of specimens during the test runs re- 
vealed little tendency for the bond to fail and the veneers to 
separate. After the outer plies had cracked through to the glue 
line, that is, after failure as previously defined had occurred, 
delamination did in some instances take place. This tendency 
was somewhat more prevalent in the plywood than in the lami- 
nated material. 


CONCLUSIONS 


The tests so far concluded in this program indicate that, in 
birch plywood and laminated wood, bonded with thermosetting 
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phenol-formaldehyde film (Tego) and in plywood bonded with an 
aqueous dispersion of cold-setting urea-formaldehyde 
(Uformite CB551): 

(a) Fatigue failures are primarily wood failures. 

(b) Delamination of the veneers occurs very seldom before 
the outer plies have given way. 

(c) The material may be expected to withstand at least 2,000, 
000 stress reversals without failing, when stressed to 25 per cent 
or less of the static modulus of rupture. 
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by F. Kollmann, Julius Springer, 


Discussion 

M. Fintayson.* Were load-deformation curves taken after 
the material had been stressed through a large number of cycles, 
in order to determine whether or not the load as well as the de- 
It is suggested that 
either load-deformation curves at various stages of the test or a 
load indicator on the machine would show whether or not the 
load remained constant throughout the test, a point which might 
have some significance, especially at high loads or over a large 
number of cycles. 


flection was constant throughout the test? 


J. E. Gurviren.’ It may be well to add to the information in 
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this paper that results obtained by A. R. Crocker,® on the fatigue 
strength of compreg (compressed laminated resin-impregnated 
wood), and the writer, on the fatigue strength of various glue lines 
on compreg, are in line with the work done by the authors. The 
fatigue strength of compreg was found to be 11,000 psi, approxi- 
mately 25 per cent of the modulus of rupture of this material 
(40,000 to 50,000 psi). Compreg could be stressed with that load 
for several million cycles without failure. Fatigue failures were 
also similar to those described in the paper. After the initial 
crack developed in the outer ply of the compreg, the line of failure 
often followed the glue line between the outside and the adjacent 
ply. 

The fatigue resistance of various glues, i.e., casein, urea form- 
aldehyde, and phenol formaldehyde, were tested for fatigue 
strength by gluing thin compreg laminations (*/32 in.) together 
with each of the glues mentioned. These laminated beams were 
subjected to 11,000 psi for a minimum of 7,000,000 cycles. No 
failures occurred in the glue lines of any of these adhesives. 
Controls were given an accelerated aging test by heating at 65 C 
for 1 month and then fatigued for 7,000,000 cycles at the stated 
stress. No failures were observed. 

All fatigue tests were made on compreg specimens !/; in. X 
'/in. X 11 in., the direction of grain being parallel to the longer 
dimension. A cantilever system was used in which the beam 
was held stationary at one end and flexed by a cam mounted on 
an electric motor. 

In all tests, it was noted that the specimen generated heat at 
the point of maximum stress. No quantitative measurements 
were taken, however, of the temperature rise. 


P. D. Zorru.? Did the authors observe any differences be 
tween the specimens tested which were bonded with urea- and 
phenol-formaldehyde glues? 


AvuTuHoRS’ CLOSURE 


Load deformation curves were not taken on the test speci- 
mens after being stressed to failure, inasmuch as the type of 
failure generally precluded such measurements. In a subsequent 
series of tests, in which tests will not be carried to failure, it is in- 
tended to make load-deformation measurements both before 
and after repeated stress. 

The tests on compreg reported by Mr. Gurvitch are very inter- 
esting in that they indicate the behavior of compressed impreg- 
nated wood under repeated stress to be similar to that of plain 
wood and plywood. 

There was no significant difference in the behavior of phenol- 
formaldehyde bonded material as compared with urea-formalde- 
hyde bonded types. 


® Aeronautical Engineer, Engineering and Research Corporation, 
Riverdale, Md. 

7 The Girdler Corporation, Inc., Thermex Division, Louisville, 
Ky. 
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High-Density Plywood 


By MALCOLM FINLAYSON,' ARMSTRONG CORK COMPANY, LANCASTER, PA. 


The physical properties of high-density plywood pro- 
duced from Tego-bonded birch veneer, the grain direction 
of all plies parallel, are presented and compared with the 
corresponding properties of various metals. It is shown 
that the strength properties are directly related to the 
specific gravity. Stress-strain curves in tension indicate 
that this material not only has no normal yield point but 
actually shows a decrease in elongation per unit load at 
high loads. The moduli of elasticity in tension and com- 
pression are shown to be greatly different. The behavior 


in torsion is discussed, and the effect on the tensile 
strength of cross-laying the veneers is presented. The 
effect of immersion in water and the effect of various 
humidity conditions are given. 


INTRODUCTION 


HE improvement of the properties of metal by heat-treat- 

ment, tempering, and alloying is well developed and well 

understood. The somewhat similar improvement of wood 
by subdivision, elimination of flaws, reassembly, and densifica- 
tion, while not new, has not been studied to any great extent and 
is not so familiar to engineers. 

Subdivision and reassembly (cutting into thin veneers and re- 
assembling these veneers with an adhesive) permits the elimina- 
tion of local flaws and makes possible the preparation of a more 
homogeneous material by rearrangement of the grain direction of 
the various plies. The distribution of strength by the control of 
the grain direction of the various plies makes available a wide 
variety of materials, each having a combination of properties 
suited to a particular use. The engineer is in this way afforded 
an opportunity to design his work in a material particularly 
suited to the use which he has in mind. 

In normal plywood, subdivision and reassembly add little to 
the aggregate strength of the resulting material. The use of many 
thin plies will show some improvement due to the elimination of 
local flaws and due to the fact that the grain direction in each 
sheet of veneer varies from a truly straight grain and from the 
grain direction of every other sheet. Because of this, the as- 
sembly tends to average out to a material having no weakness due 
to a crooked grain running throughout the thickness of the ma- 
terial. There may also be some slight increase due to the binder 
effect of excess resin adhesive which has penetrated the veneer 
at the surfaces during pressing, although there are grounds for 
the belief that the resin plays only a very minor part in the im- 
provement of mechanical properties, the major part being due to 
densification only. There will also be some slight increase because 
of the slight densification occurring during reassembly. 

A large increase in strength arises through densification of the 
veneers, which is obtained by using pressures much greater than 
normal during the reassembly process. It is well known that hot 
wood compresses more readily than cold wood and that wet wood 
compresses more readily than dry wood. It is therefore evident 
that by controlling the pressure, heat, and moisture content dur- 

' Research Chemist, Central Technical Laboratory, Armstrong 
Cork Company. 
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ing reassembly, materials of any desired degree of densification 
can be obtained readily. The thermosetting adhesive used in the 
process cures while the wood is in the compressed condition and 
locks it in this condition, so that, providing sufficiently thin ve- 
neers have been used, little or no springback results after the ma- 
terial has been cooled and removed from the press. The compres- 
sion referred to is, of course, only in the thickness dimension, 
end-grain or across-grain compression presenting entirely differ- 
ent problems. 

In the unimpregnated type of high-density plywood, with which 
this paper deals, the adhesive can be either the film type, 
which is simple and clean to use and gives a uniform spread with- 
out adjustment, or the liquid type, which is spread by rollers and 
is apt to be somewhat messy to handle and relatively difficult to 
control to a uniform spread, but which is often cheaper. All the 
data presented here are on material made with the film-type ad- 
hesive. The accompanying charts refer to high-density plywood 
made from !/»-in. rotary-cut birch veneer, all local flaws ex- 
cluded, with the grain direction of all the plies parallel, i.e., the 
so-called “laminated wood.”” There are a few exceptions which 
are specifically noted. 


Testinc MretuHops 


Before testing, all samples were thoroughly conditioned at 70 
F, and 50-55 per cent relative humidity. The samples used in the 
determination of the tensile strength were 13!/; in. long, having 
ends for the holder 4'/, in. long, and a constricted section 4'/, in. 
long, of which the center 2'/2 in. was of constant cross section of 
'/, in. The thickness of the sample was the thickness of the 
board as made, in all cases approximately 1 in. The width of 
the ends was 1'/, in. The long ends are required to insure 
that the shear strength at the shoulders shall be greater than the 
tensile strength at the constricted section. A Berry strain gage (5 
magnification) was attached to the specimen at the constricted 
section in order to determine the modulus of elasticity. Elonga- 
tion was measured with a dial gage reading in 0.001 in. Load- 
ing was by hand and slow, with 10-see stops at the appropriate 
points for accurate reading of the elongation. Sample failures 
in this type of setup were clean tensile fractures. 

The samples used in the determination of the compressive 
strength were 2 in. X !/,in. X thickness; the thickness approxi- 
mately 1 in. in all cases. Deflection was measured with a dial 
gage reading in 0.001 in. When the load is applied parallel to the 
grain, a clean compressive failure results, but when the load is 
applied perpendicular to the direction of the grain, failure is in 
tension perpendicular to the direction of compression and per- 
pendicular to the plies. 

The samples used in the determination of the modulus of rup- 
ture were 9in. X lin. X lin. The span was 7 in., and the load 
was applied at the center of the span. In the stress-strain curves, 
corrections were made for the deflection due to the indentation of 
the beam by the loading bar. 

The water-immersion and humidity tests were taken on 1-in. 
cubes. The samples were first conditioned for at least 1 week at 
70 F, and 50 per cent relative humidity, and then exposed to the 
test conditions. The materials were kept at the test conditions 
until the dimensions were stable over a period of 3 days, except in 
the case of the boiling-water test, which extended over a period 
of 8 hr. 

All points plotted in the curves are the average of at least three 
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tests, except for Fig. 9, in which the points are for one test only. 
No results have been omitted in the computation of the averages. 


CHARACTERISTICS IN TENSION AND COMPRESSION 


Fig. 1 shows the relationship between ultimate tensile strength 
and specific gravity, and between ultimate compressive 
strength and specific gravity. Included are several results on 
materials made from !/q- and from !/4s-in. veneer of the same 
type. Apparently, the use of thinner veneers, at least in this range 
of thickness, does not affect significantly the relationship of ulti- 
mate tensile and ultimate compressive strengths to specific gravity. 
This supports the assumption that significant improvement in me- 
chanical properties is a function only of the degree of densification 
and is not related to the resin content, unless the resin content is 
increased to such an extent that the wood fibers act asa filler. It 
is true, of course, that increasing the number of plies by decreas- 
ing their individual thickness will give better averaging of grain 
direction and better averaging of imperceptible local flaws, but it 
is quite probable that the resulting improvement falls within the 
experimental error of measurement. This slight general improve- 
ment, at an increased cost, naturally, may often be worth while in 
applications where rigid demands are made on the material and 
where all precautions to prevent local very slight weaknesses are 
essential. 

It is interesting to note that the straight lines showing the re- 
lation of tensile strength and compressive strength to specific 
gravity, when extended, pass through the origin. This means 
that, on a strength-for-weight basis, material of relatively high 
density is no stronger than material of relatively low density. 
The strength-for-weight ratio is constant at about 24,700 psi. A 
certain minimum specific gravity, probably about 0.80, is re- 
quired to insure adequate bonding of the veneers, i.e., that the 
bond shall be stronger than the wood. On a volume basis, how- 
ever, the higher-density material is superior and should have a 
wide scope of use where neat dense design is desired. The same 
thing is true of compressive strength, with the strength-for- 
weight ratio about 15,000 psi. The range of strength in tension, 
20,000 to 35,000 psi, and the range of strength in compression, 
12,000 to 21,000 psi, make this material suitable for a wide vari- 
ety of applications. 

Fig. 2 shows stress-strain curves in tension for various materials 
in comparison with a typical curve for high-density plywood. 
The curve for high-density plywood is for tension parallel to the 
grain direction. The high-density plywood shows a decided in- 
crease in modulus of elasticity at high loads in place of the 
abrupt yield point so common in metals. This is shown some- 


TABLE 1 COMPARISON OF HIGH-DENSITY PLYWOOD AND 
VARIOUS METALS; TENSILE STRENGTH FOR WEIGHT; ULTI- 
MATE-STRENGTH VERSUS YIELD-POINT STRENGTH 


Specific Yield point in _ Strength, psi 


Material gravity tension, psi Specific gravity 
High-density plywood......... 0.8-1.3 None 24700 
Low-carbon steel............. 7.75 36000 4600 
Alclad aluminum............. 2.89 47000 16200 
High-carbon steel............ 7.83 75000 9500 
Magnesium alloy............. 1.78 23000 12900 


TABLE 2 COMPARISON OF HIGH-DENSITY PLYWOOD AND 
VARIOUS METALS; TENSILE STRENGTH FOR WEIGHT; ULTI- 
MATE STRENGTH VERSUS ULTIMATE STRENGTH 


: Specific Strength in Strength, psi_ 

Material gravity tension, psi Specific gravity 
High-density plywood... 0.8-1.3 Varies with 24700 

specific gravity 

Steel, heat-treated....... 7.75 100000 12900 
7.75 125000 16100 
7.75 150000 19300 
7.75 175000 22600 
Aluminum, various alloys 2.81 40000 14200 
2.81 50000 17800 
2.81 60000 21400 
Magnesium alloy...... 1.78 43000 24200 
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what more clearly in Fig. 3. In every tension test, this decrease 
in elongation per unit load was quite apparent and, unless some 
unknown constant error is present in the method, is characteristic 
of the material. This anomalous behavior in tension indicates 
that high-density plywood, of the laminated type at least, can be 
loaded to the breaking point without the appearance of permanent 
distortion and suggests that, in any comparison on a strength- 
for-weight basis, the ultimate strength of the high-density ply- 


_wood can be compared with the yield point of the metal, since in 


many applications the point at which permanent distortion oc- 
curs is the limiting point. Regardless of whether the comparison 
is on the basis of ultimate strength versus yield point or ultimate 
strength versus ultimate strength, high-density plywood yields 
its place at the top of the list to none of the commonly used 
metals. Table 1 gives a comparison of the strength for weight of 
high-density plywood and several metals on the ultimate-strength 
versus yield-point basis, while Table 2 gives a comparison on the 
ultimate-strength versus ultimate-strength basis. 


CoMPARISON WitH METALS IN COMPRESSION 


In compression parallel to the grain high-density plywood does 
not show the same superiority but is still well up on the list. If 
compressive strengths at the yield point are compared on a 
strength-for-weight basis, high-density plywood is exceeded only 
by the heat-treated grades of aluminum alloy. If the comparison 
is made on the basis of ultimate strength for weight, the un- 
treated aluminum alloys also exceed high-density plywood, and 
cast iron moves well up to the same range as the high-density 
plywood. These comparisons are shown in Table 3. This table 
indicates that in compression as well as in tension, although 
not to the same degree, high-density plywood is a very promis- 
ing material. It should be stated, however, that the modulus 
of elasticity in compression parallel to the grain is not com- 
parable, even on a weight basis, to the modulus of elasticity 
in compression of various metals. This is shown in Table 4. 
TABLE 3 COMPARISON OF HIGH-DENSITY PLYWOOD AND 


VARIOUS METALS; COMPRESSIVE STRENGTH FOR WEIGHT; 
YIELD STRESS AND AT ULTIMATE STRESS 


Yield Ultimate 

Compressive strength strength 

——strength——._ Specific Specific 

Specific Yield, Ultimate, gravity gravity 

Material gravity psi psi psi psi 
Aluminum alloy 

25SW. 2.79 25000 48000 9000 . 17200 
2.79 35000 58000 12500 20700 
en 20000 90000 227 12400 
Wrought iron........ 7.70 36000 60000 4670 7800 
Structural steel...... 7.80 36000 60000 4600 7650 
High-density plywood 0.8-1.3 ona wae 10000 15000 


TABLE 4 COMPARISON OF HIGH-DENSITY PLYWOOD AND 
VARIOUS METALS; MODULUS OF ELASTICITY IN COMPRESSION 
ON A WEIGHT BASIS 


Modulus of Modulus of elasticity 


Specific elasticity in Specific gravity 
Material gravity compression, psi psi 
2.79 10 X 105 3.58 X 108 
7.23 12 108 1.65 X 10 
Steel, various types..... 7.80 29 X 108 3.72 K 106 
High-density plywood.. 0.8-1.3 1.00 106 


Fig. 4 gives a typical stress-strain curve in both tension and 
compression for a sample of high-density plywood (this particu- 
lar sample having a specific gravity of 1.03), together with a 
similar stress-strain curve for aluminum. It is evident that the 
moduli of elasticity in tension and compression are appreciably 
different for high-density plywood but are the same for alu- 
minum. This lower modulus of elasticity in compression in high- 
density plywood is apparently not due to bending during the 
test, since samples 2 in. X 1 in. X !/2 in., 2 in. X 1 in, X 1 in., 
and 1 in. X 1 in. X 1 in. all give the same slope of the stress- 
strain curve and the same elastic limit. It seems reasonable to 
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be taken into consideration in certain applications. 


strength, and at the elastic limit. 


Fic. 10 CHANGE IN THICKNESS, WEIGHT, AND DENSITY ON IMMER- 


suppose that, since voids are still present, the material, under a 
compressive load, is squeezed into these voids, rather than against 
itself as in a metal. The fact that distortion under a compressive 
load is different from distortion under a tensile load may have to 


Fig. 5 gives the relationship to specific gravity of the compres- 
sive strength both with grain and across grain, at ultimate 
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Fig. 6, curves A-F, gives typical stress-strain curves of high- 
density plywood. The range of the modulus of elasticity in ten- 
sion of this material is from 2.2 10° psi to 4.1 108 psi, increas- 
ing with increasing specific gravity, as do all the moduli reported. 
The range of the modulus of elasticity in compression, when the 
load is applied parallel to the grain, is from 0.8 X 10° to 1.3 x 
10° psi. The range when the load is applied perpendicular to the 
grain and perpendicular to the direction of compression in mak- 
ing is from 0.12 X 106 to 0.28 X 10° psi. The modulus of elas- 
ticity in bending, when the load is applied perpendicular to the 
grain, ranges from 1.8 X 10° to 4.0 & 10° psi. When the load is 
applied parallel to the grain in bending, the range is from 0.25 x 
10° to 0.55 X 10° psi. 


CHARACTERISTICS IN BENDING 


Figs. 7 and 8 show the relationship to specific gravity of bend- 
ing stresses, both ultimate and at the elastic limit, and both with 
and across grain. The four directions are here shown to resolve 
into two directions, since the two directions in which the load 
is applied perpendicular to the grain have the same strength, and 
the two directions in which the load is applied parallel to the 
grain have the same strength, indicating that high-density ply- 
wood is anisotropic in only two directions, as is to be expected. 
Thus, Figs. 7 and 8, although derived from data obtained from 
tests in different directions, are identical. 


CHARACTERISTICS IN TORSION? 


A cylindrical sample of high-density plywood made from 
1/o-in, rotary-cut northern-yellow-birch veneer, having a specific 
gravity of 0.95, was tested in torsion in order to determine the 
shear strength and the torsion modulus. The test was made 
with the laminations parallel to the long dimension of the sample. 
Three tests were made on the same specimen. In the first test, 
increments of 165 psi of shear stress were used to a maximum of 
1323 psi. The rod was then unloaded and recovered to an angle 
of 0.035 deg per in. of specimen length in 3 min. In the second 
test, increments of 332 psi of shear stress were used to a maximum 
load of 2935 psi. The rod was then unloaded and recovered to an 
angle of 0.116 deg per in. of specimen length after 5 min. In 
the third test, increments of approximately 345 psi of shear 
stress were used to the point where failure occurred. The results 
of these tests are shown in Tables 5, 6, and 7, respectively. The 
ultimate shear stress in torsion of this relatively low-density ma- 
terial of 3426 psi is a decided improvement over normal woods, 
and in consequence the transmission of forces from wood into 
metal is greatly facilitated. 


TABLE5 TEST NO. 1: SHEAR STRESS AND TORSION MODULUS 
ON HIGH-DENSITY PLYWOOD 


“ Angle of deflection 


Lime Shear stress, in deg per in. of Torsion | 
in-lb psi specimen length modulus, psi 
0 


176000 


Fig. 9 shows the torsion modulus plotted against the shear 
stress. Apparently, the deflection is not truly proportional at 
any point on the curve and the torsion modulus varies continu- 
ously. This information may be of value in certain instances in 
which the material may be subjected to severe torsional stresses.’ 


2? Data by Pittsburgh Testing Laboratory. 
3 End of excerpts from Pittsburgh Testing Laboratory Report. 
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TABLE6 TEST NO.2: SHEAR STRESS AND TORSION MODULUS 


ON HIGH-DENSITY PLYWOOD 
Angle of deflection 


Torque, Shear stress, in deg per in. of Torsion modulus, 
in-lb psi specimen length psi 
0 0 0 

48 331 0.224 187000 
96 662 0.452 185000 
144 993 0.692 182000 
192 1323 0.937 179000 
240 1654 1.20 174000 
288 1983 1.51 166000 
312 2150 1.71 160000 
426 2935 2.58 144000 


rABLE7 TEST NO.3: SHEAR STRESS AND TORSION MODULUS 
ON HIGH-DENSITY PLYWOOD 


Angle of deflection 


Torque, Shear stress, in deg per in. of Torsion modulus, 
in-lb psi specimen length psi 
0 0 0 

87 600 0.391 194000 
137 944 0.608 197000 
187 1289 0.904 180000 
237 1634 1.22 170000 
287 1979 1.53 164000 
337 2323 1.88 157000 
387 2668 2.52 134000 
437 3013 3.21 119000 
447 3082 4.05 96400 
487 3358 4.73 89900 
497@ 3427 4.82 90200 


+ Failure. 


A comparison of the ultimate shear strength of high-density 
plywood and aluminum seems, at first glance, to show high-den- 
sity plywood to be greatly inferior, since its 3426 psi is only about 
'/, that of aluminum and its specific gravity is '/; that of alu- 
minum. However, as shown by De Bruyne (17),‘ if high-density 
plywood is considered as a metal, and the effect of energy absorp- 
tion is ignored for a moment, a comparison of their resistance to 
torsional shock shows them to be about on a par. The maxi- 
mum shear stress f developed, if a circular shaft of radius r is 
suddenly given an angular velocity w, is given by 


f = rw(Ep)'* 


where £ is the modulus of rigidity and p is the specific gravity. 
Thus, the ratio of shear stresses developed in similar shafts of 
aluminum and high-density plywood will be 


1 
(22) 
E ppp 


E, = 4.2 X 108 
Ep = 0.18 X 10° 


Putting 
Pa = 2.85 
pp = 0.95 


the ratio of shear stresses is found to be about 8.4 to 1. The ratio 
of ultimate shear strengths is 8.8 to 1. Thus, even without con- 
sidering the effect of energy absorption on the reduction of shear 
stress, high-density plywood is shown to have a high resistance to 
torsional shock. 

It is known that high-density plywood has a high energy ab- 
sorption compared to metals. The beneficial effects of this high 
energy absorption can be illustrated by considering a member 
such as a propeller blade which is free at one end and given a 
sudden twist at the other (17). The effect of the sudden twist 
will be to send a torsional wave down the member; this wave will 
be reflected at the free end (the tip of the blade) and will re- 
turn to the fixed end with practically undiminished energy if the 
material has small energy absorption. As the free end and the 
fixed end form an antinode and a node, respectively, the original 
and reflected waves will interact to produce a maximum stress at 
the fixed end of twice the value which would obtain in the ab- 
sence of reflection. If, however, the material has large energy ab- 


‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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sorption, the reflected wave will return with diminished energy 
and the maximum stress will be correspondingly reduced. If we 
take into account the difference in energy absorption between 
high-density plywood and aluminum alloy, it is quite possible 
that high-density plywood has superior resistance to torsional 
stresses of this type. 


VARIABLE-DENSITY MATERIALS 


As an example of the variations possible in the manufacture of 
high-density plywood, two types of variable-density boards were 
made. The first consisted of 31 plies of !/2s.-in. mahogany veneer, 
alternated with 30 plies of !/3o-in. poplar veneer, with the grain 
direction of the poplar veneer at right angles to the grain direction 
of the mahogany veneer. This construction at the high-density 
end was stepped down gradually to a total of 35 plies at the low- 
density end. The entire assembly was pressed to a uniform thick- 
ness of lin. The second consisted of a total of 69 plies of which 
only 5 were poplar and only the poplar veneers were laid cross- 
grain. This construction at the high-density end was stepped 
down gradually to a total of 41 plies at the low-density end. 
Table 8 gives the tensile strength, specific gravity, and the num- 
ber of plies at various points along the first board. Table 9 gives 
the tensile strength at the high- and low-density ends of four 
boards, of the second type, all of exactly the same construction, 
together with the corresponding specific gravities and number of 
plies. 


TABLE 8 TENSILE STRENGTH OF VARIABLE-DENSITY BOARDS 
AT VARIOUS POINTS ALONG THE BOARD; PLIES CROSS-LAID 
Number of plies 


Tensile strength, psi Specific gravity 


61 16700 1.23 
55 15600 1.10 
49 14900 1.01 
39 14300 0.84 
35 13900 0.75 


TABLE9 TENSILESTRENGTH OF VARIABLE-DENSITY BOARDS 
AT HIGH- AND LOW-DENSITY ENDS; PLIES LAID PARALLEL 


Number of plies Tensile strength, psi Specific gravity 


69 35000 1.40 
41 22000 0.86 
69 32000 1.37 
41 21300 0.84 
69 34300 1.39 
41 21200 0.88 
69 35200 1.39 
41 22200 0.87 


The figures given in Tables 8 and 9 are the result of a single 
test only, and can therefore be relied upon only to indicate the 
general order of magnitude. In Table 9, the checks from board to 
board are very good and the results are probably quite reliable. 
It is obvious that the cross-laid structure has resulted in a ma- 
terial showing only a slight difference in tensile strength for a 
large difference in specific gravity. The material having a very 
large preponderance of parallel-grain plies gives a very much 
greater change in tensile strength with specific gravity. This in- 
creased change is, of course, at the expense of tensile strength in 
the opposite direction, the predominantly long-grain material 
having very low strength across the grain, and the cross-grain 
material having just as high strength in both directions, 


EFFeEcts OF MOISTURE 


Fig. 10 shows the change in thickness, weight, and density of 
materials of various specific gravities after immersion in water 
at 70 F until apparent equilibrium is reached. 

Curve G, Fig. 5, shows the rate of absorption by weight of 
a typical sample. The change in thickness is the change from the 
original dimension to the final dimension while in equilibrium 
with water. No account is taken of the regain of compression, 
which would be the difference between the original thickness and 
the thickness after swelling and redrying. In this respect, it 
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might be mentioned that it has proved feasible to hold this re- 
gain to essentially zero per cent by proper control of moisture 
content and temperature during the manufacturing process. 
However, when a material is subjected to immersion in water, 
it is usually the total change in dimension which is of interest to 
the prospective user, rather than the change measured after re- 
drying. It is interesting to note that, while the change in 
thickness is considerable, there is no tendency toward delami- 
nation in properly processed material. Since it is to be expected 
that the water will tend to release the strains holding the ma- 
terial in the compressed condition, as well as swelling the released 
fibers, the high-density plywood should show an increase in thick- 
ness larger for the higher-density materials, since the higher- 
density materials have been compressed to a greater degree. This 
is borne out by the curve showing increase in thickness with in- 
crease in specific gravity. The curve showing increase in weight 
indicates that the lower-density samples take up a greater per- 
centage of water than the higher-density samples. Since the 
increase in weight is greater than the corresponding increase in 
thickness (changes in the other dimensions are slight) there is an 
increase in density, greater for the initially low-density material. 
Exposure to various moisture conditions results in relatively 
large changes in thickness, small changes in the cross-grain di- 
mension, and insignificant changes in the with-grain dimension. 
Table 10 gives the maximum and minimum dimensional and 
weight changes, over the entire range of specific gravity, for the 
indicated conditions. 
TABLE 10 CHANGES IN DIMENSION AND WEIGHT OF HIGH- 
DENSITY PLYWOOD UNDER VARIOUS CONDITIONS 


Change in Dimension, per cent 
Over water -——At temperature noted—— 
70 F 120 F 


Dimension —30 Fea 
Thickness...... —2.4 to —4.6 9.0 to 22.4 9.0 to 24.8 
Parallel to grain........ —0.2 to—0.1 0 to 906.2 0 to 0.3 


Across grain........... —2.5to—1.3 0 to 1.6 0.6to 16 


« Over water vapor at this temperature. 


Change in Dimension, per cent 
Bone-dry at noted 
F 70 2 


Dimension —30 12 F 
Parallel to grain........ —0.2to—0.1 —0.4to 0O —0.2 to—0.1 
—2.4to—1.0 —2.8to—1.2 —2.3 to—1.0 


Change in Dimension, per cent 
— Immersed in water at 70 F, to equilibrium 
Thickness Parallel to grain Across grain 
14 to 44 0.1 to 0.6 1.3 to 3.2 


Change in Dimension, per cent 
Immersed in boiling water for 8 hr 
Thickness Parallel to grain Across grain 

15 to 54 0 to 0.7 1.0 to 3.5 


Increase in Weight, per cent 


Immersed in water at 70 F Immersed in boiling water 
to equilibrium r 
45 to 70 50 to 63 


It is obvious that high-density plywood of this type is unsuited 
to exposure to water or high-humidity conditions unless very 
thoroughly protected by an impervious coating. Since the pene- 
tration of moisture is relatively quite slow through the faces, and 
quite rapid on the end grain, material having a large area could 
perhaps be adequately protected from large changes in size by 
coating the ends and edges only. 


Uses ror Hicu-Densiry PLywoop 


The possible uses of high-density plywood are almost without 
limit. It is evident from the preceding data that this material is 
not the long-sought, universal, “cure-all,” but it is believed that 
it does have a definite place in applications where high stresses 
are encountered, providing that it is used intelligently and that 
a sufficient background of information concerning its properties 
can be assembled. In actual practice, this new type of material 
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has been widely used in only a few applications. This lack of 
wide utilization of such an adaptable material is largely because 
stress data are not available, and because relatively few indus- 
trial concerns have pushed the development of this type of 
product. There are few presses of sufficient capacity to produce 
this type of material, in the large sizes desired, which do not have 
a large backlog of other essential work. 

The greatest progress in the utilization of high-density ply- 
wood has been made in England in the development of this ma- 
terial for aircraft propellers, peculiarly enough, one of the most 
highly stressed units in an aireraft. These several types of high- 
density plywood in use on fighter and fighter-bomber planes. 
It is claimed that, for propellers for high-horsepower engines, 
high-density plywood is much superior to metal. Some of this 
superiority may be attributed to the ability to get much lighter 
propellers which satisfactorily withstand the conditions of use. 
As an example, it is reported that a three-bladed propeller for a 
1750-hp engine weighs 300 Ib less in high-density plywood than 
in metal. This saving is of great value not only because of over- 
all weight reduction but also because of the decreased inertia of 
the blade. This weight saving is possible because metal blades 
for engines of high horsepower require a high percentage of steel 
and large hubs to absorb the high stresses, both causing large 
weight increases. Conversely, on engines of low horsepower, 
low-steel-content alloys and small hubs can be used, and high- 
density plywood shows very little or no weight advantage. 

In addition to uniform-density materials, there has also been 
developed and used a variable-density material having a high 
density at the hub end and low density at the tip end. By using 
variable-density blanks, it is possible to step down the density 
gradually, thus avoiding any area of sharp transition from high 
to low density and, at the same time, obtaining the strength of 
high-density material at the hub end where the stresses are con- 
centrated, and the lightness of the low-density material at the 
tip end where the stresses are smaller. The Jablo propeller blade 
is of this type. 

In addition to the weight saving, the high-density plywood 
shows a superior resistance to the effect of notches and dents and 
is more easily repaired. It is reported, on the basis of con- 
siderable combat experience, that repairability of high-density- 
plywood blades is 80 per cent as compared with 60 per cent for 
metal blades. The fatigue resistance of high-density plywood is 
excellent and its energy absorption much greater than that of 
metal. 

In the United States, the emphasis on high-density plywood 
for propeller blades has been in its use as a cheap, noncritical 
material, substituting for metal in propellers for engines of low 
horsepower. High-density plywood is, however, being used as 
the hub material in the Schwarz blade which is being produced in 
America, although of European origin. This type blade utilizes 
a high-density-plywood hub Scarfed to spruce tips and is well 
protected by suitable coatings. While there is a sudden transition 
from high- to low-density material at the scarfed joint, it is under- 
stood that this blade has proved quite successful. 

High-density plywood should be of great value in solving spar- 
design problems, since it gives a definite economy in weight and 
space over spruce spars in applications where high bending mo- 
ments are present. An additional weight saving is made possible 
because the bearing strength is so much greater than that of 
normal wood. At mechanical joints and at all points where high 
bearing strength is required, the number of bolts and the size of 
the fittings can be greatly reduced when the spar is designed 
in high-density plywood. As an example, it is reported that, in 
spars of spruce and high-density plywood designed to carry the 
same bending moment, there is an over-all weight-saving of 35 
per cent in favor of the high-density plywood (10). 
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Outside the aircraft field, one application has been developed 
and is now in use. This is the flare base for the M26 parachute 
flare. This piece was formerly produced from die-cast aluminum 
and is required to take the full shock, across a very small area, 
of the sudden stress occasioned by the parachute stopping the 
rapid descent of the heavy flare. High-density plywood with- 
stands this stress satisfactorily and has proved successful in this 
application, releasing many thousands of pounds of aluminum for 
vital aircraft parts. In this instance, the direct substitution of 
high-density plywood for aluminum without redesign of the part 
was possible. In many cases, redesign to take advantage of the 
properties of high-density plywood would be required. Un- 
doubtedly, there are many other somewhat similar applications 
where high-density plywood could replace metals of which there 
is a critical shortage. However, in many eases, the necessity of 
redesign and its attendant problems act as a bar to the develop- 
ment of such applications. 

Several concerns are investigating this material for many war- 
time uses, and it will undoubtedly have a wide peacetime appli- 
cation. Among the many uses for which this material shows 
promise, in addition to those discussed, are reinforcing plates, 
plywood clips, boat parts, and aircraft parts, of many types, and 
as dies for forming sheet metals. 
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Radio-frequency power can advantageously be used to 
provide the heat required in various types of wood proc- 
essing such as seasoning, drying, curing of impregnating 
materials, gluing, and bonding. This method is of con- 
siderable importance to the production of plastic ply- 
wood planes, boats, and housings of various types. This 
paper is intended to form an introduction to the subject. 
The theory of radio-frequency heating is considered 
briefly, the factors which determine its applicability and 
usefulness are discussed, and some data for the calculation 
of power required, time cycle, and operating cost are pre- 
sented. Means of handling some specific problems are 
reviewed and several typical installations briefly described. 


ADIO-FREQUENCY power has been used to overcome 
R what seemed an insurmountable problem in the produc- 

tion of airplane propellers made of compregnated wood. 
Radio frequency is being used to expand the production of lami- 
nated and box spars, truss-type rib constructions, bomber floors, 
bomb-bay doors, and other aircraft parts. It is being tested for 
use in making various molded plywood forms such as wing ele- 
ments and fuselages. Experimentally it is being used for season- 
ing wood, drying aircraft-quality plywood, and curing various 
types of impregnating resins. In all of these applications the 
desired effect is obtained as a result of the heating developed in 
the wood by the use of radio-frequency power. 

Obviously, these applications are important, and this lends 
importance to the questions which naturally arise: How is radio- 
frequency power applied? What makes the wood heat? Why 
is radio-frequency current used? What advantages does the 
process offer? What limitations does it have? What kind of 
equipment is required? How much does it cost to operate? 
How do results compare with those of other methods? 

Actually the method is too new to give final answers to all of 
these questions; however, enough work has been done to make it 
worth while to review the information which is available. 


How E vecrric Power Is AppLiep TO Woop 


(Heating wood with electric power is aside from the strictly 
application problems which arise) a relatively simple operation. 
Theoretically, at least, it is only necessary to have a generator of 
suitable characteristics and to connect it by means of wires or 
other conductors to the wood which it is desired to heat. 

Such an arrangement is illustrated in Fig. 1. A generator 
© is connected to two metal plates (usually called “electrodes’’). 
The wood which it is desired to heat is placed between these 
metal plates. The reason for the plates can be understood by 
inspection of Fig. 2, in which the dotted lines represent current 
paths and the number of lines in any particular part of the wood 
block is an indication of the current density in that section. 

If connections to the wood are made at single points, or by 
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Metal electrode 


Fie. 1 FuNpAMENTAL Crrcvir Usep 1n Heatina Woop WitH 
Rapto-FREQUENCY PowER 

(The wood is placed between metal electrodes which are connected to a 

wenerator ©. Resistance to passage of current J causes wood to heat.) 


Fic. 2. Distripution or CurRRENT Patus THROUGH THE Woop 


(a, When only small contact points are used; b, when large metal plates called 
“electrodes” are used.) 


means of small contact plates, the current distribution will be ap- 
proximately as shown in Fig. 2(a). In this case the corners of the 
block, since there is less current through them, will be heated very 
little, and the parts of the block which are close to the contacts 
will be overheated. In some cases such a distribution might be 
desirable, but ordinarily a more even distribution of heating is de- 
sired, and this can most easily be obtained by using large elec- 
trodes as in Fig. 2(b). With such an arrangement the voltage 
generated at ©) causes a current 7 to flow around the circuit, 
through the wood, and back to the generator as shown. The 


‘magnitude of this current will be determined by the voltage availa- 


ble from the generator and the resistance (to the passage of the 
current) presented by the wood. 


Wuat Makes THE Woop HEat 


There is nothing very mysterious about the fact that wood can 
be heated by radio frequency. Almost any material we know of 
will heat up if an electric current of sufficient intensity is forced 
through it. Obvious examples are the resistance wires in elec- 
tric stoves, heaters and irons, the filaments of lamp globes, the 
windings of motors. All of these, of course, are metals, which 
means that they are relatively good conductors. Their resist- 
ance to the passage of direct or low-frequency current is low (com- 
pared to that of nonconductors), and hence the force (i.e., 
voltage) which is required to cause a sufficient current to pass 
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through them is of reasonable value, usually 110 or 220 v. 

In the case of the poorer conductors (sometimes called insula- 
tors) such as wood, the resistance to the passage of direct or low- 
frequency current is very high. The force (i.e., voltage) which 
would be required to cause an appreciable 60-cycle current to 
pass through these poor conductors would be out of practical 
reach (of the order of millions of volts). However, as the fre- 
quency of the current is increased, the equivalent resistance of 
these materials drops almost inversely. At frequencies in the 
range of what we normally call radio frequencies it becomes low 
enough so that it is practical to force through these poor conduc- 
tors enough current to heat them as we desire. 

Although some writers on the subject have taken the opposite 
view, there is no essential difference between high-frequency 
(hereafter called radio frequency) heating and low-frequency 
heating. For a purely practical reason, viz., that the required 
voltages are Jower, it is preferable to use radio frequency for the 
heating of poor conductors. The mechanism of heating is ex- 
actly the same. 

Physicists picture the heating which occurs as being due to 
“molecular friction” caused by the passage of current through the 
materials. They visualize this current not as a stream of elec- 
trons each of which flows all the way across the material but 
rather as the net effect of the motion of all the electrons. Nor- 
mally these electrons have random orbits. When a voltage is im- 
pressed across a section, those electrons which are not too tightly 
bound change their paths somewhat so as to produce an over-all 
effect of a charge moving from one side to the other. This dis- 
placement of the paths of the electrons represents work done and 
this work appears as heat. 


Fig. 3 ScHematTic (a) AND Vector (b) DIAGRAMS FOR A CIRCUIT IN 
a GENERATOR CONNECTED TO A “PERFECT’’ CONDENSER 
(The current and voltage are 90 deg out of phase; hence, no power is con- 


aN. 


(6) 


Fie. 4 Scuematic (a) anD Vector (b) DriaGRams FoR CIRCUIT, 
To Fic. 3, in ConpENSER Has a Poor DIELECTRIC 
Sucu as Woop 


(The current ir flowing through the equivalent resistance Rp represents 
power which is expended in heating the wood.) 
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The difference between good conductors and poor conductors is 
represented by the degree of freedom of the so-called “orbit 
electrons.” There is no fundamental difference in the heating 
effect. In either case it is due purely to the “conduction loss” 
which occurs with actual passage of current through the material. 


Tue Errect or FREQUENCY 


Where the dimensions of the “package” of wood to be heated 
are known, it is relatively easy to calculate the voltage which will 
be required to obtain a certain heating effect. Electrically the 
metal electrodes between which the wood is placed form a con- 
denser. If these electrodes were separated by air, they would 
form a so-called “perfect condenser.’”” Such a condenser would 
be represented schematically, as in Fig. 3(a), and the voltage 
across and the current through this condenser, by the vectors of 
Fig. 3(b). In this case the voltage and current are 90 deg 
out of phase, and the average power dissipated in the condenser 
is zero. 

When, however, the wood is placed between the electrodes, 
we no longer have a perfect condenser since the wood presents a 
leakage or “conduction” path. The imperfect condenser thus 
formed can be represented schematically by a perfect condenser 
paralleled by a resistance R,, as shown in Fig. 4(a). The ca- 
pacity of C is the same as the capacity of the imperfect condenser 
and hence is a constant. Term R,, however, is purely an 
“equivalent” resistance and is not independent of frequency. 
It is therefore necessary to calculate R after the frequency of 
operation has been chosen. 

The relations of voltage, current, power, and frequency of the 
circuit, shown in Fig. 4(a), can be obtained directly. Fig. 4(b) 
is the vector diagram. In this case, the total current J leads the 
voltage across the load by something less than 90 deg. The 
total current J is made up of two components, viz., the capacity 
or “out-of-phase” current 7, and the resistive or “‘in-phase’”’ cur- 
rent iz. Since the first does not represent any power furnished 
to load, we are not interested in it, but only in ig and the resist- 
ance R, through which it flows. In order to calculate R,, we note 
that 

Power factor (PF) = cos 6 = sin (90° — @) 


for small angles 
sin (90° — 6) = tan (90° — @) 


hence 


PF = tan (90° — 0) =F 


e 


E 


8.85 X 
C (in farads) = 


where 


K = dielectric constant 
A = area of plates, cm? 
d = separation of plates, cm 
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The value of the power factor PF can easily be measured by 
means of a radio-frequency bridge or Q-meter. The power fac- 
tor of a material is usually thought of as a constant. (However, 
recent measurements, see Figs. 5 and 6, show that PF varies con- 
siderably with frequency, moisture, and impregnation.) For the 
calculation as here, an approximate value will suffice. 

Having determined R,, it now remains to note that the power 
delivered to the wood and which appears as heat is given by 


If we have calculated (as described later) the amount of power 
required to heat the material, we will know P and from Equation 
(3| we can calculate ip. Then, since 


we also obtain the value of E which is the voltage which will be 
required to force through the wood the current necessary to heat 
it in the desired amount. 

If we now substitute some actual values in the foregoing caleu- 
lations, we will immediately perceive the reason for using high 
frequencies. 

Example 1. 


It is desired to use 60-cycle current to heat the 


yo 40 60 
Percent Moisture 

Fic. 5 Vartation or Power Factor With Per Cent Moisture 

FOR THREE SPECIES 


(Measured values for one species vary considerably: 


hence, these curves 
should 


be used only as a first approximation.) 


Power factor - percent 


ac 
Frequency 

Fie. 6 VaRtation or Power Factor WiTH FREQUENCY 

(At lower frequencies these curves tend to flatten out.) 
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test propeller, shown in Fig. 21, to 240 F. By the following 
calculation it has been determined that a power of 6000 w is re- 
quired to do this in atime of 8 min. By calculation, C was found 
to be 150 wuf; hence from Equation [2] 

1 

6.28 X 60 150 X 


and from Equation [1 


17,700,000 
= = 350,400,000 ohms 
0.05 


taking PF = 0.05 


From Equation [3] 


P = ig? R, 
P = 6000, R, = 354,000,000 
6000 
354,000,000 


tp = 4.13 10-3 amp 
and from Equation [4] 
E = ip R, = 4.13 X 10-* X 354 X 106 
1,460,000 v 


In other words, the desired heating eould be accomplished with 
60-cyele current only by the use of an entirely impractical volt- 
age. 

Example 2. Now assume that the same block is to be heated 
with current at a frequency of 1 megacycle: 
From Equation [2] 


x. 


1010 ohms 


From Equation [1 } 


From Equation [3] 


P = ig? R, = 6000 


P 
90,200 
tg = 0.545 amp 


From Equation [4] 


E = ig R, = 0.545 X 20,200 
E =11,000v 


In other words, if we use 1-megacycle current we can operate 
with 11,000 v across the load. We might go still higher, say, 
to 10 megacycles, in which case the required voltage would drop 
to 3480 v. In order to show this effect of frequency graphically, 
the values of X,, R,, and E for a large range of frequencies have 
been plotted in Fig. 7. 

As can be seen in Fig. 7 the voltage required for a given power 
input (i.e., a given heating effect) is inversely proportional to the 
square root of the frequency. This means that, generally speak- 
ing, the higher the frequency the better; although a practical 
limitation is encountered due to the fact that the efficiencies of 
some types of tubes fall off at the higher frequencies. There 
may also be difficulties due to current distribution at the higher 
frequencies, as will be pointed out later. The actual maximum 
voltage that can be tolerated will depend chiefly upon the thick- 
ness of the load. For very thin materials, not more than a few 
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Fig. 7 VARIATION WiTH FREQUENCY OF REACTANCE Xe, 
THE EQUIVALENT RESISTANCE Rp AND VOLTAGE E Across THE 
Loap For A TypicaL Rapio-FREQUENCY HEATING SETUP 


(Note that voltage E varies inversely as the frequency; hence, 
higher frequencies mean less danger of voltage flashover.) 


hundred volts can be used before arc-over occurs. In 
thicker sections, as much as 15,000 v can be used. Gen- 
erally, voltages much above 15,000 cannot be used, no mat- 
ter what the thickness, due to corona effects which become 
evident at higher voltages and which are only partially 
dependent upon electrical spacing. 

Averaging these various factors together, it has been 
found that the range of 1 megacycle to 10 megacycles pres- 
ents the best immediate possibilities. Some very thin 
sections, however, will require higher frequencies. Look- 
ing to the future (when a wider choice of high-frequency 
tubes will presumably be available) it seems very prob- 
able that a higher range of frequencies will come into use. 


CALCULATION OF PowER REQUIRED 


The amount of heat (in gram calories) required to 
raise the temperature of a certain quantity of wood (or 
any material) a certain number of degrees can be calcu- 
lated from the relation 


H = pcAt-volume 
where 
specific heat, cal per g per deg C 
density, g per cc 
At change in temperature, deg C 
v volume, cc 


The power required to produce this amount of heat in a 


given time is 


4.187 X H 
time (sec) 


4.18- pe- At- volume 


P (watts) = time (sec) 


Temperature inc 


tncreese ~ deg: F. 


Tem, 


Fig. 
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Power, In Watrs Per Cvusic Incu, Requirep To Raise 


THE TEMPERATURE OF A Woop, OR OTHER MATERIAL, HAVING 4 
VALUE oF pe = 0.25 To A GIVEN TEMPERATURE IN A GIVEN TIME 


power, 


- watts per cu. inch 


8(b) 


Power, tN Watts Per Cusic Incu, REQUIRED TO Raise 


THE TEMPERATURE OF A Woop, oR OTHER MATERIAL, HAVING A 
VALUE OF pe = 0.35 To 4 GivEN TEMPERATURE IN A GIVEN TIME 


In some cases it is more convenient to express this in terms of re- 


quired power concentration, viz. 


If we substitute cu in. for ec, and deg F for deg C, and time in 


minutes 


0.637 - pe- A T- volume (cu in.) 
time (min) 


P (watts) = 


AT = deg F 


In other cases where a limited amount of power is available, it 
may be desired to know the time required to raise the material so 


many degrees. This is simply 


Power concentration (per cu in.) = 


0.637 pe AT 
time (min) 


Time (min) = 


watts per cu in, 


~ 
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TAYLOR—HEATING WOOD WITH RADIO-FREQUENCY POWER 


In order to give an idea of the powers required in typical in- 
stances, two sets of curves have been made up, Fig. 8, showing the 
relation of power concentration to time interval for several differ- 
ent temperature increments. These curves are based on value 
of pe = 0.25 and pe = 0.35. Most woods give values which lie 
between these two curves. Where accurate data are available, 
the curves may be used for other values of pe simply by noting 
that the time will be increased or decreased in proportion to the 
value of pe. 

It should be noted that the power requirements, as indicated in 
Fig. 8, are the power which must be used up in the wood itself. 
In other words, if there is any loss of power, it will have to be sup- 
plied in addition to the foregoing. Fortunately, the losses 
(through conduction to the press and radiation to the surround- 
ing air) are small if the cycle is relatively short. For purposes of 
calculating the power to be supplied to the press, they can be 
assumed to be of the order of 10 to 20 per cent. This is in marked 
contrast to most hot-plate presses where a large part of the power 
furnished the press is used to heat the mass of metal and a very 
considerable proportion is dissipated in heating the surrounding 
air. The lack of heat about a radio-frequency press is in marked 
contrast to the vicinity of a hot-plate press in operation. 

The required power as estimated from the foregoing is a good 
indication of the radio-frequency power to be furnished by the 
generator. In cases where the generator is rated in output 
power, that is, in terms of the radio-frequency power it actually 
puts out, the indication is direct. Where the generator is rated 
in input power, that is, power it takes from the line, an efficiency 
factor of 50 per cent should be used. In other words, a generator 
with an input rating of 10 kw will actually put out about 5 kw 
of radio-frequency power. The same factor should be used in 
calculating power consumption, viz., a press that requires 15 kw 
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Per KILowatTr 
(Based on a number of installations made by different manufacturers.) 


of radio-frequency power for a certain heating process will, with 
associated equipment, draw sbout 30 kw from the line. 


INITIAL AND OPERATING Costs 


The cost of radio-frequency power per kilowatt is not uniform 
but rather decreases gradually as the power of the installation in- 
creases, This is illustrated by the curve in Fig. 9, which has been 
drawn on the basis of such information as is available on installa- 
tions made to date. Unfortunately, varying applications and 
engineering costs were necessarily involved in these. Also, there 
was some difference in cost of equipments of different manufac- 
ture. For this reason all available information was plotted and a 
broad curve drawn so as to include all points. The result at least 
gives a quick indication of what installations to date have cost. 
The dotted line on this graph indicates the average ‘“‘cost per kilo- 
Watt” at various powers. 
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Fic. 10 AppROXIMATE TuBE Cost, Power Cost, AND OvEeR-ALL 
OPERATING Cost or Rapio-FREQUENCY EQuIPMENT VERSUS POWER 
DELIVERED TO 
(Basis of calculations given in text.) 


Operating costs in equipment of this type are made up mainly 
of tube-replacement and power costs. Since there are no moving 
parts, other maintenance costs are negligible. Contrary to some 
statements, the useful life of the equipment is long and will most 
likely be terminated by obsolescence rather than wear. De- 
preciation, therefore, can be based only on some arbitrary figure 
such as that used for tax purposes. 

In order to gain some idea of operating costs, a number of 
equipments of various powers were analyzed and the results 
shown as curves in Fig. 10. In this calculation, average tube life 
was assumed as 5000 hr (which is a reasonable estimate of the 
life of present-day tubes in this service). Power was assumed to 
cost 1 cent per kwhr. Depreciation was figured on the basis 
of 25,000 hr of operating life (approximately 3 years at 24 hr a 
day, or 9 years at 8 hraday). The over-all cost, of course, is 
simply the total of depreciation, tube, and power costs. 

It is worth noting that these costs can only be assumed to hold 
for the present period. Simplifications in design, improvements 
in tube construction, and other factors which can be quite clearly 
foreseen will undoubtedly lead to lower first cost and lower 
operating cost. However, it is apparent that even on the basis of 
the costs, indicated in Fig. 10, there are many present-day jobs 
on which this type of equipment can easily be justified from the 
cost standpoint. 


ADVANTAGES OF RapIO-FREQUENCY METHOD 


The more obvious advantages of the radio-frequency method 
follow from the fact that, in this method, heat is caused to be 
generated simultaneously and uniformly throughout the whole 
body of the wood. This means that (neglecting losses) the whole 
block of wood comes up to temperature evenly. It also means 
that the time required for a given increase in temperature is 
independent of the thickness of the wood. These effects are in 
marked contrast to those which occur with other methods of 
heating. In all other methods, heat which originates outside the 
wood (as, for instance, in steam platens) must travel into the 
wood by conduction. As a result, the outer layers of the wood 
come up to temperature much more quickly than the interior. 
Moreover, the time required to heat a section of wood depends 
entirely upon the thickness. In the case of thick sections this 
becomes very long. 

In order to obtain a more detailed picture of the temperature 
gradients in the two methods the time-temperature curves have 
been computed for several typical cases. These are shown in 
Figs. 11 and 12. The values from which the steam-plate curves 
of Fig. 11 were plotted were calculated from the formula 
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Fig. 11 Time-TEMPERATURE DISTRIBUTION CURVES FOR 1-IN.. 
2-In., AND 6-IN. THICKNESSES OF Woop HEATED BY EXTERNAL MEANS 


(External means refers to steam platens, heat tunnel, etc. Curves are 
calculated for thermal diffusivity of 0.0063 for spruce at 8 to 10 per cent 
moisture content.) 


where 6 is the temperature at point z and time ¢; 96, is plate 
temperature; 6 is original temperature of wood; a is the thermal 
diffusivity, and d the thickness of the wood. Values of the function 


(s 2) are given by Brown and Marco. They are also given 
by McAdams and other sources, but the first reference is the 
most usable in this case. A value of 0.0063 for the thermal 
diffusivity of spruce at 8 to 10 per cent moisture content was 
used. 

The curves, shown in Fig. 12, are based mainly on experimental 
measurements made on various sections of wood heated by the 
radio-frequency method. For each time-thickness relation, a set 
of three curves is given. This is necessary because in this method 
of heating the temperature gradient depends upon the conduction 
losses; and these losses depend to some extent upon the setup 
used. The three typical setups illustrated by these curves are 
(a) for the case where the material is directly against the faces of 
a large cold press; (b) where the material is clamped between 
relatively thin metal plates which are exposed to air; and (c) for 
the case where a thin layer of heat-insulating material (such as 
pressboard) is placed between the material and the press or be- 
tween the electrodes and the press. : 

The curves for the cold-press setup are shown dotted. The 
large mass of metal acts as a “sink” and the outer surface of the 
wood never rises above ambient temperature. The curves for 
the thin electrodes are shown broken. In this case, the surface 
temperature rises to some extent and the gradient is less sharp. 
The curves for the setup where heat insulation is used are shown 
solid. These are purely indicative since in this case the gradient 
depends upon the amount of heat-insulating material. The 
curves shown are for measurements made with insulating sheets 
having '/, the thickness of the wood itself. 

Comparing the curves for the two methods, the most striking 
feature is the fact that for a 1-in. thickness, the radio-frequency 
process gives a time cycle of 4 min (to 280 F), where the steam- 
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Fie. 12) Distrispution Curves For 1-In., 2- 
In., AND 6-IN. THICKNESSES OF SPRUCE HEATED BY Rapio FREQUENCY 


(Power concentration, 5 w per cuin. Curve Ais for the wood directly against 
cold plates; curve B for wood against thin metal electrodes; curve C for a 
thin insulating material between wood and press platens.) 


plate method requires some 15 min to bring the center to the 
same temperature. Further increase in the thickness of the wood 
makes the discrepancy even greater since (as can be seen from 
Equation [5]) the time increases as the square of the thickness 
Moreover, the steam-plate time cycles are fixed and there is no 
way of shortening them appreciably. On the other hand, the 
time cycles required for radio-frequency heating depend entirely 
upon the power used. The curves of Fig. 12 were calculated on 
the basis of a power to give 5 w per cu in. of material. Increasing 
this to 10 w per cu in. would cut the time in half. The temperature 
would then be raised to 280 Fin 2 min. Whether or not this quick 
cycle would sufficiently set the glues is a moot point. Some 
authorities on glue believe that the glue must be held at fairly 
high temperature for at least 2 or 3 min. 

When the comparative time cycles for thicknesses greater than 
1 in. are considered it is immediately evident that the advantages 
of radio frequency are enormous. As indicated in Fig. 12, the 
time to heat thicker sections by radio frequency is the same as the 
time for the 1-in. section. This statement is true, of course, only 
if the power per cubic inch of wood is kept constant; in other 
words, the total power increased as the thickness. If the total 
power is held constant, then the time varies directly as the thick- 
ness. In the steam-plate method, on the other hand, the time 
varies as the square of thickness (as can be seen by reference to 
Equation [5] and Fig. 11). This leads directly to the second im- 
portant advantage, viz., thick sections which by older methods 
had of necessity to be cold-glued can now be hot-glued. This 
means they can be produced more quickly, and, since higher- 
temperature-setting glues can be used, they can be made better. 

Still another advantage is evident when the shapes of the 
curves in Figs. 11 and 12 are considered. In the hot-plate method 
the outer layers of wood are at a high temperature for a very con- 
siderable length of time. As a result these tend to dry out and 4 
degree of “case hardening” sets in. In critical sections such as 
aircraft parts, this is very objectionable. Sometimes, the wood 
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TAYLOR—HEATING WOOD WITH RADIO-FREQUENCY POWER 


must be “conditioned” after the gluing by being wet on the out- 
side to increase the moisture content of the outer layers. With 
radio frequency this drying out does not occur, even where the 
cycle is fairly long, because the temperature gradient has a slope 
the reverse of that which would cause such an effect. 

An important advantage where new press installations are con- 
sidered is the fact that the presses themselves can be of much 
cheaper design, since the massiveness associated with steam platens 
and multiple openings is done away with. Moreover, the use of 
radio frequency makes it much easier to use hot-gluing in con- 
junction with very large presses and presses of unwieldy dimen- 
sions. Presses designed originally for cold-gluing are readily 
adapted for hot-gluing. 

There are also numerous minor advantages which vary in ac- 
cordance with the job to be done. These include the convenience 
of not having to work in close proximity to hot plates; the fact 
that the heat can be closely controlled and can be turned off in- 
stantly; the possibility of making hot-glued joints on jigs de- 
signed for cold-gluing; and others of a similar nature. The im- 
portance of these will become more evident as this process comes 
into more widespread use. 

When making compregwood parts, radio frequency has another 
very important advantage, this is, the fact that since the whole 
mass of wood is heated uniformly the compression takes place 
uniformly. The contrast with what takes place when using a 
steam die only is very marked. In the latter instance the outer 
plies, of course, heat up very quickly and the resin in them begins 
to set up. Compression must, therefore, be started immediately. 
However, at this point the interior of the wood has not even 
started to heat. As a result the compression is very nonuniform 
and terrific internal stresses result. Such stresses can be partially 
relieved by very long cooking periods, but even then results are 
often unsatisfactory. Direct comparisons made between similar 
sections done with and without radio frequency show that in the 
latter these stresses have been 90 per cent or more eliminated. 

All of these advantages are cited on the basis of work which 
has actually been done. In considering the use of radio fre- 
quency for making curved surfaces, such as fully stressed wing or 
fuselage elements, it should be noted that this is something which 
apparently has not yet been done in production. Should the 
radio-frequency process be found feasible, there would, of course, be 
marked advantages. While the autoclave method appears to 
be the most satisfactory found to date, it is unquestionably 
cumbersome, time-consuming, and expensive. Use of radio 
frequency might conceivably eliminate the cost of the autoclave, 
greatly reduce the time cycle, the quantity of jigs required, the 
number of operations, and the inconveniences attendant on the 
present process. There are numerous problems to be worked out 
before this will be possible, but already the answers to some of 
these have been indicated. 

To reduce the advantages mentioned, which are more or less 
general, to specific cases, the following tabulation has been made: 


Advantages of radio frequency as compared to hot-plate gluing: 
(a) Temperature is uniformly distributed. 
(b) Time cycles usually greatly reduced (for all but thin 
sections). 
Thicker sections can be glued 
Higher-temperature-setting glues can be used. 
Temperature can be more closely controlled. 
Surface of wood is not dried out. 
Cheaper presses can be used. 


Advantages of radio frequency as compared to cold-gluing: 
(a2) Very large reduction in time cycles. 
(6) Allows use of phenol glues. 
(c) Makes for better, more consistent joints. 


(d) Requires fewer presses or jigs. 
(e) Results in a large saving in floor space. 


Advantages of radio frequency in making compregwood: 
(a) Considerable reduction in over-all time cycle. 
(b) Reduction in number of dies required. 

(c) Large reduction in internal stresses. 
(d) Close control of temperature. 

(e) Less critical operation. 

(f) Less likelihood of exothermic reaction. 
(g) Greater leeway in design. 


Possible advantages as compared to autoclave method: 


(a) Noautoclave required. 

(b) Dimensions not limited by size of autoclave. 
(c) Time cycles greatly reduced. 

(d) Fewer forms required. 

(e) Fewer operations involved. 

(f) Less floor space needed. 

(g) Higher-temperature-setting glues used. 

(hk) Over-all inconvenience much reduced. 


Factors LimiriNnG APPLICABILITY OF RADIO FREQUENCY 


With all the advantages of radio frequency, one wonders why 
it has not been more widely adopted. The answer seems to lie 
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(The insulator J must have good loss characteristics if a large waste of power 
in heat in the insulator is to be avoided. If wood is used aa an insulator 
it should be several times the thickness of the wood to be heated.) 
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Fig. 14 


in the fact that there are definite problems in applying it to other 


than simple jobs. These problems have been too much for wood 
engineers to solve by themselves and, at least until very recently, 
radio engineers have not been interested. The present plywood- 
plane and glider program has changed this situation overnight. 
The importance of this work, plus the necessity for quantity pro- 
duction, plus the desirability of using phenol glues have caused a 
sudden demand for radio-frequency equipment. This has re- 
vived the interest of radio engineers, and they are now tackling 
these application problems on a wide front. A detailed consid- 
eration of these problems is obviously beyond the scope of this 
paper. However, a brief review of them will be worth while as a 
means of indicating the factors which should be considered in 
making a decision on the use of radio frequency. 
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Necessity of Insulating Electrodes. Referring to Fig. 1, the 
fundamental method of applying radio-frequency power is by 
means of two metal electrodes connected to the radio-frequency 
generator. If these electrodes could be the regular plates of the 
press, everything would be easy. Unfortunately, this is not the 
ease since in such an arrangement the frame of the press would 
form a “short” across the electrodes. If desired, one plate of the 
press can be one of the electrodes, but the other electrode will 
have to be insulated. Such an arrangement is indicated by Fig. 
13. If the thickness of this insulator is to be kept to reasonable 
proportions, it must be made of a material having a low loss, 
such as glass, hard rubber, or a ceramic. In the sizes required 
these materials are hard to obtain and difficult to use. For this 
reason wood is ordinarily used. However, it is obvious that if 
the wood insulator is of the same characteristics and same thick- 
ness as the wood to be heated, then the insulator will heat equally 
and this represents a 50 per cent power loss. Therefore the wood 
insulator must ordinarily be several times thicker than the piece 
to be heated. 

One easy and efficient means of solving the insulator problem 


Fic. 15  Screenep Box ror “PREHEATING? LARGE BLocKk PRE- 
vious TO Time It Is PLacep IN PREss 
(Note copper-pipe tuning stubs mounted on side of box.) 


is indicated in Fig. 14. Two of the assemblies are glued at a time, 
being placed one above and one below a copper caul as illustrated. 
This copper caul is connected to one terminal of the generator and 
the press to the other terminal. Thus the two assemblies are 
effectively connected in parallel and heated together. There is 
no need for any insulating material and hence no insulator heat 
loss. 

There are numerous other ways of getting around the insula- 
tor problem. One of these is by the device of “preheating.” 
This is particularly applicable to the making of compregwood 
and similar procedures wherein a steam-heated die of more or 
less complicated shape is ordinarily used. In such cases an 
analysis indicates that the problem is really one of bringing a 
thick material up to temperature; a process which often requires 
several hours. Once it has reached the necessary temperature 
there is no difficulty in maintaining it. Therefore, the radio 
frequency is used only to bring the material up somewhere near 
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the final temperature. This may be done entirely outside the 
press—merely by placing the material between the electrodes as 
shown in Fig. 15. Or it may be done with the material in the 
press but with the press left open so that a temporary electrode 
can be placed on top of the material. As soon as the material is 
brought up to temperature, it is placed in the press (or the tem- 
porary electrode removed), the press closed, and the material 
left to “cure” under steam alone. This process can also be used 
with paper-base and canvas-base laminates, with preforms for 
automatie molding, and in similar operations. 


Fig. 16 By Rapro Frequency Dors Not Require 
Contact 


(Either arrangement can be used. However, voltage is increased appreci- 
ably, which may be a disadvantage.) 


(6) 


Fic. 17. Incorrect Setups (a) AND (b) FOR HEATING AN ASSEMBLY 
oF UNEVEN Cross Section; Correct Setup SHOWN ArT (c) 


(Since path through air offers higher resistance, an arrangement such as (c 
is necessary to obtain even heating.) 
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Fig. 18 oF Digevecrric Constant Wits Per 
Moisture CONTENT FOR THREE SPECIES 


Shape and Spacing of Electrodes. The shape of the electrodes 
used and the spacing between them must also be taken into ac- 
count. If the material to be heated is flat or square and is 
homogeneous in characteristic, the plates should be flat. They 
may be spaced or adjacent to the material, but spacing, as 10 
Fig. 16, increases the voltage across the system and is undesirs- 
ble from that viewpoint. Ifthe material does not have a paral- 
lel surface and is placed between parallel plates, as in Fig. 
17(a), the thick part of the wood will heat more than the thin 
part. This is because the air space at the thin end presents 4 
much higher impedance to the passage of the current, and there- 
fore less current flows through. If the arrangement shown '" 
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Fig. 17(b) is tried, the thin end of course heats up more since 
the shorter path has the lower impedance. 

In order to insure even distribution of heating, each small ele- 
mental path p from plate to plate must have the same impedance 
as all other such paths. But the sections of these paths which are 
in the air offer much more resistance per unit length than the 
parts which lie in the wood; hence to equalize the currents, the 
air space at the thin end must be much less than the difference of 
wood thickness. 

As an approach to calculation of the proper spacing, we can 
use the dielectric constant. The dielectric constant of wood 
varies with species and moisture content, somewhat as shown in 
Fig. 18. We can estimate the spacing of the electrode by as- 
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SECTIONS 
a, By placing two assemblies together; 56, by using a shaped spacer.) 


suming that the ratio of the resistance of the paths in air and in 
wood will vary inversely as the ratio of the dielectric constants of 
airand wood. Thus, where the wood has a dielectric constant of, 
say, 4, then the path in air has a resistance 4 times as great; 
hence '/, in. of air along path p is the same as 1 in. of wood. 
If the wood is 3 in. thick at one end and 1 in. thick at the other, 
then the electrode spacing at the thin end should be 1'/, in. 

Other simple ways of taking care of the spacing are to do two 
blocks together, as in Fig. 19(a), or to use a spacer of similar 
material, Fig. 19(b). 

Avoiding Voltage Flashover. A prime difficulty with early 
radio-frequency installations was the occurrence of voltage flash- 
over. This will always, of course, be something to be con- 
sidered in the design of the equipment. However, it is felt that 
it is a problem which can be handled. The tendency to are 
across is, of course, a function of the spacing, the material, and 
the voltage. The voltage which will occur across a given load 
can be calculated by methods which have been indicated. Fur- 
thermore as shown in Fig. 7, it can be reduced by increasing fre- 
quency, 

How much voltage can be tolerated is hard to calculate since 
the wood is usually not dry and moreover the glue, if a liquid, 
tends to squeeze out so that voltage breakdown is far less than 
would be indicated by the figures for the dielectric strength of 
the wood. As a result, the value of the voltage to be used must 
be based largely upon experience. Work done to date is not 
conclusive, but indications are that for thicknesses of the order of 
| in., several thousand volts can be used. For increasing thick- 
nesses, somewhat greater voltages can be used, but the value 
does not increase proportionally and there is a limit between 
10,000 and 15,000 v (depending upon curvature, etc.) beyond 
which it is undesirable to go since in this range corona effects 
become rather troublesome. 

Effect of Moisture. One of the most common questions re- 
garding the radio-frequency method is the effect of moisture. 
The best answer is that the effect is approximately the same as 
with any other method of heating. Chiefly, this is that an in- 
crease in the average moisture content (which means an increase 
in density) results in a longer time cycle, since more power is 
required to give the same increment in temperature. The radio- 
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frequency method has some advantage in that it allows the power 
to be increased enough to hold the time cycle to the same value if 
this is desirable. 

If the moisture content is uneven, there is of course a tendency 
for the current to flow more through the moist sections. The 
effect, however, becomes important only for considerable differ- 
ences. The currents through various sections will vary approxi- 
mately as the dielectric constant. Fig. 18 shows the variation of 
dielectric constant for three species. For spruce, for instance, 
the variation is only 15 per cent between moisture contents of 
5 and 10 percent. This would in all likelihood produce a smaller 
difference in heating than this same difference in moisture con- 
tent would when steam platens are used. Generally speaking, we 
can say that the range of moisture differences met with in gluing 
operations will cause no difficulties. With regard to drying or 
curing, where the differences may be great, there is obviously 
no objection to concentration of power at the more moist points, 
since this tends to bring the material to an equalized condition. 

Minimum and Maximum Power Ratio. There is one effect of 
moisture which occurs when the heating is done very rapidly and 
the section is fairly thick. This is the formation of vapor pres- 
sure. (The same effect would, of course, occur with steam if the 
wood were heated equally fast.) It has been claimed that this 
pressure forces moisture out of the wood and thereby reduces the 
power required in drying wood by the radio-frequency method. 
This may be true for small pieces or thin sections, but for large 
pieces, it is questionable. If the section is large, the pressure 
As a 


produced is considerable and it cannot easily relieve itself. 
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Fig. 20 Merxop or Repuctinc TEMPERATURE GRADIENT WHICH 
Occurs BECAUSE OF CONDUCTION TO THE PRESS 


(In a, sheets of heat-insulating material are placed between the wood and 
press; in b, they are placed between outer electrodes and press.) 


result it is quite likely to “blow” out the end, thereby ruining the 
piece. 

It appears, therefore, that there is a definite rate at which power 
can be forced into a given package of material. As a result, the 
possibility of drying large pieces in a matter of minutes is definitely 
out. It may be that at some lower rate the process may still be 
of advantage. For instance, even drying which took 2 or 3 
days might well be an advantage in an emergency, as compared 
to a 60-day kiln-drying period. The economics remains to be 
proved. 

It is perhaps worth noting here that there is also a minimum 
power-input rate for a given job. This follows from the fact 
that the conduction, convection, and radiation-loss rates increase 
with temperature. At some point, these equal the power input. 
Thus, it is necessary to employ a power-input rate which will in- 
sure that the equilibrium point is well above the temperature it is 
desired to reach. 

Heat Losses. In considering heat losses, the shape of the curves 
of temperature gradient cannot be disregarded. If the wood is 
placed in a press adjacent to large cold plates the gradient is as 
indicated in Fig. 12. If the laminations are thick so that no 
glue line is near the outer edge, no difficulty results; but if the 
laminations are thin, some provision must be made. One simple 
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expedient is to place extra layers of material between the package 
to be glued and the electrodes, as in Fig. 20(a). This, of course, 
requires more power. A method which avoids this power loss is 
shown in Fig. 20(b). The value of this arrangement depends 
of course upon the insulating properties of the buffer. 

Of course if hot plates are already available, they can be used 
to keep the plates up to temperature thereby completely avoid- 
ing conduction losses. In some cases it may be desirable to 
consider the use of heating the plates electrically. These expedi- 
ents will be required, of course, only for thick sections and 
since only one set of plates need be heated, the power for electric 
heating is relatively small. 

In most eases the losses by convection and radiation will be 
much smaller than the conduction losses and probably will not 
need to be considered. In the case of a thick piece of relatively 
small area the radiation loss might become fairly large. This 
loss can be computed from the Stephan-Boltzmann equation 


Watts per square inch of surface = 36.8 xX 10°" x A(T* 
To*) 


K = 0.9 (for wood) 
To = original temperature (absolute) 
T = final temperature (absolute) 


If the piece is large and the time long, the convection losses 
can become large, if no precautions are taken. Use of a heat- 
insulated chamber would overcome this to a degree. 

Coupling the Generator to the Load. Failure to “get the power 
into the load” explains the poor results many experimenters with 
radio frequency have had. In order to do this properly the elec- 
trodes must be correctly shaped and placed (as previously ex- 
plained), the load must be “‘tuned,” and the impedance presented 
by the tuned load must be coupled to the generator in such a 
manner that there is no mismatch of impedances. 

Since the electrodes used have a considerable capacity, tuning 
the load necessitates the provision of an inductive reactance equal 
to the capacitive reactance of the plates. At the higher fre- 
quency (8 megacycles or above) this can be a hairpin of copper 
pipe with a shorting bar to provide variable electrical length. 
Such an arrangement is shown in Fig. 15. The tuned circuit 
provided by the capacity of the electrodes with this loop of pipe 
in parallel presents a rather high impedance. If the load is close 
to the generator this circuit can be coupled to the tank circuit of 
the generator without too much difficulty and usually without 
resort to a “matching” circuit. 

If the load is more than a few feet from the generator, some sort 
of transmission line is required. For purposes of shielding, this 
will usually be a concentric line (that is, one conductor inside 
another) of some type. Such a line will have a rather low im- 
pedance of the order of 70 to 200 ohms. If it were coupled 
directly to the tuned load a mismatch would occur with the 
result that likelihood of line loss and arc-over would be increased. 
In these cases it is therefore necessary to employ a “coupling” 
or “matching” circuit. Where a single type of load is to be fed, 
as in production, the elements of this circuit can be fixed. When 
various loads are to be fed, it is preferable to have these ele- 
ments easily variable. Once set up, such a circuit adds no great 
complexity to the operation. However, the original calculation 
and design of a suitable network is a problem for radio engineers. 

Shielding Considerations. Shielding must be considered from 
two angles. The first of these is safety of personnel. Since the 
generator employs high alternating-current and direct-current 
voltages it must be completely enclosed and interlocked. The 
voltages on the press, being of radio-frequency, are less danger- 
ous in that radio-frequency does not produce shock. However, 
contact with radio frequency at high potential is likely to re- 


Fig. 21 Carvep “PREFORM’’ (RIGHT) AND FINISHED BLapE oF 

CompreG Test PRopeLLER By METHOD 

(Reproduced by courtesy of Camfield Manufacturing Company, Grand 
Haven, Mich.) 

sult in severe burns and for that reason it is well to consider at 

least a guard rail around the press. 

The second reason for shielding is to prevent radiation which 
might cause interference with radio-communications channels. 
To keep radiation at a minimum, the generator should be com- 
pletely shielded, the transmission line should be concentric (or 
shielded), and the press or electrode setup should be shielded 
as well as possible. In addition, the whole system should be 
well grounded, preferably through a ground connection not 
connected to other grounds or grounded pipes. When the heat- 
ing is done between electrodes outside the press, it is usually 
possible to enclose the whole assembly in a box lined with cop- 
per screen, as shown in Fig. 15. Enclosing a press is, of vourse, 
more difficult and usually inconvenient. ‘Though circumstances 
will vary, it is felt that a metal screen, which comes down around 
the platens, will give sufficient shielding in most cases. Ob- 
viously, either this screen or the lid of the box can be furnished 
with electrical interlock devices, thereby providing completely 
automatic protection for the operator. 


TypicaL INSTALLATIONS 


(a) Compregwood. The first installation for the use of radio- 
frequency power in the production of compreg parts was made 
by the Camfield Manufacturing Company, Grand Haven, Mich. 
This equipment has been employed with particularly gratifying 
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TAYLOR—HEATING WOOD WITH RADIO-FREQUENCY POWER 


results in the production of compreg propellers. Not only has 
the time cycle been markedly reduced, but also a much better 
propeller is obtained. 

In the process developed at Camfield, a carved “preform,” 
Fig. 21, is made up under carefully controlled conditions. This 
preform is cured under heat and high pressure to obtain a homo- 
geneous block having high tensile and shear values. High 
density at the hub end with decreasing density toward the tip is 
automatically achieved, and close dimensional tolerances are 
maintained. The difficulty with this procedure was that, be- 
cause of the time required for the heat to penetrate the thick 
block, the curing cycle was very long (of the order of 7 or 8 hr). 

The radio-frequency equipment shown in Fig. 23 was installed 
several months ago and is now used to expedite production by 
preheating the preform to a temperature of 230 to 260 F. This is 
achieved by placing it between formed electrodes, as shown in Fig. 
22, for approximately 8 min. The preform is then placed in the 
die and pressure applied. Since the material is relatively soft at 


Fig. 22. ScrEENED Box For “PREHEATING PREFORM SHOWN IN 
Fia. 23 
Note that upper electrode has been removed to show preform in place for 
heating. Reproduced by courtesy of Camfield Manufacturing Company, 
Grand Hoven, Mich.) 

these temperatures, the die closes in a matter of 3 or 4 min. 
This compares with a time of 2'/, hr to close the die (and 4 hr 
for the center to reach 285 F) when the preform is put in cold. 
Moreover, since the compressing is now all done with the block 
uniformly soft, very little warping and distortion occur. This 
contrasts sharply with the uneven compression effect which oc- 
curred with steam alone due to the fact that the heat was un- 
evenly distributed in the early stages. As a result, the use of 
radio frequency almost completely eliminates the internal resid- 
ual stresses which were previously a major problem. In over- 
all time the reduction attained is 50 to 65 per cent. 

A diagrammatic comparison of the time cycles for the pro- 
cedures with and without radio frequency is shown in Fig. 24. 
This application of radio-frequency power is obviously one of the 
most promising. In addition to cutting down the time cycle, 
improving the quality of the product, and saving considerable 
in the cost of dies, it opens up many interesting possibilities in 
the way of sizes and shapes heretofore considered too difficult to 
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attempt. Apparently, thickness and curvature will no longer be 
limitations on the use of compreg. 

The Rudolph Wurlitzer Company at DeKalb, IIL, is another 
company which is using radio-frequency power in the manufac- 
ture and assembly of compreg sections. The equipment setup is 
generally similar to that shown in Fig. 23. It is arranged to 
feed power to either of several presses or to a “preheating” setup 
as shown in Fig. 15. Among the interesting products turned 
out at Wurlitzer is a compreg propeller block. 

(b) Spars and Ribs. The manufacture of spars and ribs is 


Fic. 23. Rapto-FREQqUENCY EQuipMENT; 15-Kw Ovrput Setup 


FOR Woop HEATING 


(Radio-frequency equipment proper is in cabinet at left; power and control 
equipment in cabinet at right. Reproduced by courtesy of Camfield Manu- 
facturing Company, Grand Haven, Mich.) 
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Fig. 24 TEMPERATURE-VERSUS-TIME CURVES FOR PRODUCTION OF 
CompREG PrRoPELLERS (A) Ustna Rap1o-FREQUENCY PREHEATING, 
AND (B) Wits Steam ONLY 


obviously one of the most promising fields for the use of radio 
frequency. Because of their thickness, these structural parts are 
hard to heat in a steam press, and because of their dimensions 
they are inconvenient to handle by the bag method. Neither 
the thickness nor the size is an obstacle when radio frequency is 
used. In fact, these are among the easiest shapes to heat by the 
radio-frequency method. Where a press of suitable dimensions 
is available, they can be heated in the press, preferably using the 
“sandwich” arrangement, i.e., two pieces with an electrode be- 
tween. If a press is not available, or those available are not big 
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APRIL, 1943 


Fig. 25 Twenty-Foor Press Setup ror With RApro-FREQUENCY EQUIPMENT IN PRODUCTION OF AIRCRAFT SPARS 
(Two 3!1/;-in. X 61/2-in. X 16-ft spars are shown in process of being heated. Reproduced by courtesy Tolerton Lumber Company, Alliance, Ohio.) 


enough, the laminations of the spar or rib can be clamped be- 
tween metal electrodes arranged for the application of radio-fre- 
quency power. It has been suggested that it should be possible to 
make up fairly simple jigs of the “fire-hose”’ type for use with radio- 
frequency power. One such jig would be capable of producing 
as many pieces as several dozen jigs made for cold gluing only. 

A large press used by the Tolerton Lumber Company, Alliance, 
Ohio, in making spars by the radio-frequency method is shown in 
Fig. 25. Laminated spars having a cross-sectional area of 1 in. X 
6 in. and 17 ft 6 in. long can be produced at a rate of two every 5 
or 6 minutes. Larger spars having a total cross section 3'/, in. X 
6'/. in. ean be turned out at a rate of two every 20 to 25 min. 
In this latter operation a glue containing some catalyst is used. 
The radio-frequency power applied to the wood for these spar- 
gluing operations is 10 kw to 12kw; a frequency of 8 megacycles 
is used. With operation at this frequency, no flashover trouble 
has been encountered, even when the squeezed-out glue has run 
down the side of the spars. 
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Ten Years’ Progress 


in Management 


FOREWORD 


Following a time-honored custom, and in commemoration of 
the one to whose foresight and leadership in the field of manage- 
ment this custom owes its origin—Leon Pratt Alford, able 
engineer, dean of management editors and historians, developer 
of men—this Ten Years’ Progress in Management Report is 
presented by the Management Division, of which Dr. Alford was 
one of the founders, It is the fourth presentation of its kind, 
the three previous Reports having been written by Dr. Alford 
and delivered by him to The American Society of Mechanical 
Engineers at Annual Meetings, respectively, ten, twenty, and 
thirty years ago. 

Frederick Winslow Taylor, Father of Scientific Management, 
and a Past-President and Honorary member of the Society, began 
his pioneering achievements in 1881, and in.1895, 1903, 1906, and 
1911 presented the results of certain of his important discoveries 
and developments at its meetings. The Society was thus the 
first organized association to recognize the vital significance of 
this new field of industrial and economic endeavor. The 1911 
paper, ‘‘Principles of Scientific Management,’ caused con- 
siderable discussion within the Society, so much so that a Sub- 
committee on Administration was appointed to make a thorough 
investigation of Scientific Management, presumably to justify 
it, or recommend its rejection, as a part of the Society’s activities. 


Tue 1912 Report on INDUSTRIAL MANAGEMENT 


At the Annual Meeting in 1912, just thirty years ago, this 
Subcommittee presented its report on “The Present State of the 
Art of Industrial Management.”? The chairman of the Com- 
mittee was James Mapes Dodge, the secretary—who developed 
the report—was Leon Pratt Alford, then editor of The Ameri- 
can Machinist, and other members were D. M. Bates, H. A. 
Evans, Wilfred Lewis, W. L. Lyall, W. B. Tardy, and Henry 
R. Towne. This report was a “Majority Report,” a “Minority 
Report” also being submitted by those who disagreed with some 
of the majority findings. 

A reading of this first Report reveals, to those familiar in 
subsequent years with Dr. Alford’s progressiveness in engineering 
and editorial endeavors, his clear conception and prophetic fore- 
sight, at this early date, of the vast opportunities ahead in apply- 
ing scientific-management principles intelligently to bring about 
engineering, industrial, economic, and social progress. 


Ten Years’ Procress Rerort oF 1922 


In 1922, after the first World War and the subsequent 1920- 
1921 depression, Dr. Alford, whose career meanwhile had been 
marked by engineering and editorial leadership in the field of 
management, conceived the idea of preparing for the Annual 
Meeting of the Society a “Ten Years’ Progress in Management” 
Report to summarize the widespread developments made since 


1 Contributed by the Management Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of THs 
American Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 

* Previous Reports appear in the Transactions of Taz AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS for the respective years. 
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the first Report was presented. He was particularly in- 
terested in doing so because, in 1920, the Management Division 
had been formed, with his active participation, and he had been 
its first chairman. 


Tue 1932 Report on TeN Years’ Procress IN MANAGEMENT 


After the publication of the 1922 Report there followed a 
period during which more widespread progress was made in the 
field of management than had occurred in all of the years before, 
since Taylor had first conceived his scientific approach to this 
branch of human endeavor. National progress and prosperity 
continued until after 1929, when the long depression of the 1930’s 
suddenly broke. In 1932, Dr. Alford, continuing his custom of 
reviewing the course of events in management, presented at the 
Society’s Annual Meeting the second of his ‘“Ten Years’ Progress 
in Management” Reports, again summarizing, with his keen 
discernment, the high spots of advancement, assaying their 
value, and indicating their portent and potency for further in- 
dustrial and economic progress. 


Tue Ten Years’ Procress Report or 1942 


To those associated with Dr. Alford it was known that he 
contemplated a continuation of his custom by offering a third 
“Ten Years’ Progress in Management” Report at the 1942 
Annual Meeting. Unfortunately, his untimely passing from the 
scene of his labors, on January 2, 1942, while actively engaged 
in many Society undertakings, and in educational work as head 
of the department of administrative engineering in the college 
of engineering, New York University, prevented the carrying 
out of his desire in person. At least four others prominent in 
the management field and in the Society also passed away 
during the last ten years: C. B. Auel, Robert I. Rees, W. L. 
Conrad, and Harold B. Bergen. 

With his customary careful preplanning and his invariable 
foresight in discerning the outstanding developments, Dr. 
Alford had already begun to collect pamphlets, papers, articles, 
and data on subjects which he considered significant indicators 
of management progress. Close friends of Dr. Alford in the 
Management Division committees felt that no more important 
step could be taken, and nothing more pleasing to Dr. Alford 
could be done than to continue the practice of presenting a 
Ten Years’ Progress in Management Report, at the 1942 Annual 
Meeting, along the sound lines for which he had already set an 
outstanding precedent. The plan, in fact, became the guiding 
consideration in selecting topics and speakers for all of the 
Management sessions at the Annual Meeting, thus unifying the 
program around the most significant management thinking of 
the day. Obviously, after the most severe depression ever 
experienced, which had not ended when the most destructive 
and widespread war in all history engulfed practically the entire 
globe, the preparation of a progress report on management be- 
came a problem of major difficulty. 


Dest Owep To CONTRIBUTORS 


A committee appointed for the purpose began in January. 
While all members of the Management Division Executive 
Committee, and of its General Management Committee, were 
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affiliated with the work, special acknowledgment is due those 
who untiringly selected authors for the various sections of the 
extensive Report planned, and then as untiringly co-operated 
in securing the delivery of manuscripts from men who unselfishly 
added to their pressing burdens that of writing parts of the 
Report. These committee members are: Prof. John R. 
Bangs, James M. Talbot, Gideon M. Varga, Joseph M. Juran, 
Lawrence A. Appley, Andrew I. Peterson, Dr. E. H. Hempel, 
Professor Carlos deZafra, and John A. Willard. To the con- 
tributors, whose names and professional connections appear at 
the head of the respective sections of this Report which they 
wrote, we are forever grateful. To the Report Committee 
Chairman, Dr. Lillian M. Gilbreth, is due full credit for envision- 
ing the possibilities of the Report, directing the work of planning 
the sections and the selection of authors, arranging the method of 
presentation and steering the activity through its many vicissi- 
tudes during a time when demands upon managers and engineers 
heavily loaded them with unprecedented difficulties. 

Through presentation of the Report by Prof. John R. 
Bangs, chairman of the Management Division, to Harold V. 
Coes, incoming President of The American Society of Mechanical 
Engineers, and by him to James W. Parker, President of the 
Society during the year 1942, as part of The Society’s archives, 
we trust that the custom set by Dr. Alford may now become a 
precedent for future Management Division Committees to follow. 
Several of the sections were lengthy papers which had to be con- 
densed for presentation in the Report, because of limited space. 
The originals are available, however, and may be read in full by 
anyone applying to the editorial department of the Society, 
where they will be on file. 

The Management Division and its Committee preparing this 
Report submit it in commemoration of Dr. Alford’s unflagging 
interest in Management, his outstanding contributions to the 
fund of management information, his active support in many 
new developments in advance of their general acceptance, his 
unswerving loyalty to the engineering profession and to The 
American Society of Mechanical Engineers through which he 
found a ready outlet for his varied creative energies, his devotion 
to his friends and associates in whose progress he many times 
exerted a helping hand, and his sincere interest in engineering 
education where his leadership and inspiration were constructive 
influences in shaping for many students broader and more useful 
careers. He has taken his place among the leaders who have 
placed the Society in a position of leadership in the Management 
field. 

Grorce E. HAGEMANN 
Vice-Chairman, Ten Years’ Progress in Management 
Committee, and Editor of Report 
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Administrative Organization 
By LOUNSBURY S. FISH,? WASHINGTON, D. C. 


ERHAPS the most significant trend in the field of adminis- 
Prrative organization during recent years has been an in- 

creasing recognition of the need and importance of a well- 
designed plan of organization in facilitating and expediting the 
direction, co-ordination, and control of an enterprise. Organiza- 
tion is the chassis upon which management is mounted—if 
adequately designed, the management job is made easier and more 
effective, if poorly designed, management is difficult and results 
often unsatisfactory. 


ORGANIZATION OFTEN THE REsuLT OF MERE EVOLUTION 


Most large organizations have just ‘‘evolved’”’—have “grown 
up like Topsy.” Additions and changes have been made to meet 
specific problems on a basis of expediency with little consideration 
for over-all design or rationality. The difficulties of management 
under these conditions may be likened to those which would be 
involved in living in a house built one room at a time over the 
years by different tenants without benefit of architecture. 

In some cases the rationalization of organization plan has been 
prompted by enlightened recognition of the advantages to be 
gained in increased management effectiveness; in others it has 
been forced by the problems of size, unwieldiness, lack of flexi- 
bility, and overburdening of top executives. Regardless of 
cause, however, an appreciable number of major concerns have 
overhauled and clarified their general organization plans within 
the last 10 years, to their great subsequent advantage. Others 
recognize the need but are reluctant to move because of the com- 
plexity of the problem, lack of specialized assistance in this field, 
or hesitancy about changing the assignments of key personnel. 


TRENDS DuRING THE Past TEN YEARS 


In general, the trend and emphasis in organizational planning 
during recent years have been along the following lines: 


1 Freeing top executives of administrative detail to concentrate 
on policy determination, long-range planning, and over-all control. 
In the case of large enterprises, this result is often accomplished 
by relieving a number of well-qualified top executives of operating 
and administrative responsibility to assist the president in the 
general management and direction of the business as a whole, 
defining over-all policies and objectives, deciding matters of 
major concern, co-ordinating the various aspects of the business 
into a successful whole, and appraising over-all progress and 
results. This arrangement proceeds from the recognition that 
in any very large concern it is virtually impossible for any one 
man, such as the president, to do full justice to the top executive 
job single-handed. While in a smaller business the operating 
executives are normally in a position to render such assistance to 
the chief executive, in very large organizations the operating 
heads are almost invariably so heavily burdened with day to day 
administrative problems that they seldom have the time and ob- 
jectivity to assume a major role in the general or over-all manage- 
ment of the enterprise, and it is necessary to set up a separate 


3 On loan from Standard Oil Company of California as Director 
of Organizational Planning for War Production Board. 
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FISH—ADMINISTRATIVE ORGANIZATION 


group of carefully chosen men for this special purpose. These 
men function virtually as ‘assistant presidents.” 

2 Decentralization of the burden of management by dividing and 
subdividing the enterprise into its logical, separable components, 
each of which can be held fully responsible and accountable on a 
proprietary basis, Due to increasing size and the growing com- 
plexities of management there has been a distinct trend toward 
the subdivision of large enterprises into smaller components 
which are reasonably complete entities in themselves and which, 
therefore, afford the basis for effective decentralization. Ex- 
amples of this type are the many companies which in recent years 
have subdivided on the basis of product divisions or regional 
divisions, each having, as a rule, its own product engineering, 
manufacturing, and marketing organization, and thus con- 
stituting, in effect, a separate enterprise which can be held 
accountable on a profit and loss basis. This type of organization 
requires special provision for co-ordination of basic functions 
(product engineering, manufacturing, marketing, etc.) between 
divisions, usually through the medium of functional vice-presi- 
dents who serve in a staff capacity. 

3 Delegation or placement of the power of decision at the lowest 
practicable organization level, resulting in the elimination of un- 
necessary layers and levels of management, multiple handling, and 
red tape. The importance of this fundamental concept in sim- 
plifying organization structure and relationships is just beginning 
to be recognized. When supervisors in immediate charge of 
operations are well selected and trained, given a maximum degree 
of responsibility and authority for making their own decisions 
within general policy and budgetary limitations, and finally 
held accountable for results, it is remarkable how well they 
usually perform, relieving their superiors of unnecessary burden 
and often eliminating the need for intermediate “layers’’ of 
management. 

4 Better co-ordination and integration of staff functions. 
Another promising trend is the clarification and standardization 
of staff relationships. For many years organization of the 
comptroller’s functions has served as a model of staff effectiveness 
in many concerns. The general plan has been for the comptroller 
to place a “subcomptroller” trained in the over-all company 
system, in each department or subsidiary, with the acquiescence 
of the local manager. The subcomptroller is directly responsible 
to his manager for supplying necessary information and service 
in support of operations; at the same time, he is functionally 
responsible to the comptroller for compliance with the general 
company system and methods within his field. In recent 
years this well-proved plan has been increasingly used as a 
model for the organization of other staff functions which find 
application throughout the enterprise, such as personnel rela- 
tions, engineering, purchasing, etc. 

5 Clear-cut definition and understanding of the basic functions, 
objectives, relationships, and extent of authority for each principal 
position or agency. A well-designed organization structure or 
chart goes only part way in defining a sound organization plan. 
It must be supplemented by a thorough understanding on the 
part of each responsible executive as to just what is expected of 
him and his organization in relation to the rest of the enterprise. 
As a basis for such understanding there is an increasing tendency 
in well-run enterprises clearly to define the primary purposes, 
functions, relationships, and limits of authority of each principal 
position or agency within the organization—the board of di- 
rectors, the president, vice-presidents, managers, committees, etc. 
These written statements can best be developed by staff repre- 
sentatives thoroughly familiar with the existing and projected 
plans for the organization as a whole, in collaboration with the 
executives concerned, thus assuring full understanding of the 
proper relationship of each part with respect to the whole. 
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In view of the increasing complexities of management and the 
difficult problems and adjustments which lie ahead, it seems 
probable that the next decade will witness further major progress 
toward rationalizing and clarifying industrial organization plans 
in order that management may be free to concentrate major 
attention upon broad needs and objectives and have effective 
means of their fulfillment. 


Purchasing 
By STUART F. HEINRITZ,* NEW YORK, N. Y. 


HE industrial purchasing executive during the decade 

1932-1942 has operated within business and economic 

conditions ranging from the depths of depression and low 
levels of industrial activity to the new peaks of demand and 
production generated by the need for materials and equipment 
in the present World War. It has been a period of extremes. 
In popular terms, these two extremes represent the conditions 
characterized as a buyer’s market and a seller’s market. 

During the stage of depression, supplies of materials and 
potential producing capacity are substantially in excess of de- 
mand, and tactical advantages are on the purchaser’s side. In 
the ensuing ‘prosperous period, when supplies of materials and 
production capacity are short of meeting the demand, the situa- 
tion is exactly reversed. The tactical advantages are on the 
side of the seller. 


INFLUENCE OF GOVERNMENT REGULATION 


Within the past decade, this theoretical position at both 
extremes of the business cycle has been greatly modified by eco- 
nomic controls exercised by the government. The codes of fair 
practice under the National Recovery Administration during 
the business depression, in effect, condoned price-fixing activities 
that served to set minimum levels; curbed expansion which 
would have thrown the supply/demand ratio still further out of 
balance; and tended to maintain the existing competitive posi- 
tion of various units within an industry. In the present wartime 
regulations, at the other end of the scale, we have the direct im- 
position of maximum prices; priority ratings, limitation orders, 
and allocation of materials combine to channel industrial output, 
not according to the manufacturer’s preference in selecting his 
customers, but according to an over-all national plan; inventories 
are no longer a matter of company policy, but of government 
regulation. Meanwhile there has been a succession of legislative 
enactments against commercial discrimination, and a solicitude 
on the part of the government, well intentioned if not always 
effective, to protect the smaller business establishments which 
have not the economic resources or resourcefulness to protect 
themselves in these times of stress. 

Another important consideration is the fact that in the War 
Production Program, the government itself—directly or in- 
directly—is the dominant customer for by far the largest sector 
of producing and manufacturing industry. This automatically 
places the greater part of business under the control of govern- 
ment contracts and contract conditions, on a mandaiory basis. 
In addition to the regulations already mentioned, extraordinary 
powers in respect to procurement have been established, in- 
cluding limitation of profits and salaries, permissible items of 
cost, and the privilege of re-negotiation. Further regulations of a 
similar or more drastic nature can and will be made whenever the 
national interest in an emergency demands them. It has been 
truly pointed out that under circumstances like these, a seller’s 
market in the ordinary sense is impossible; when the government 
is the buyer, we have a buyer’s market. 
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PURCHASING PoLictEs 


Purchasing policies, like any other phase of management 
policy, are flexible and capable of adjustment to changing condi- 
tions of business. In relation to the normal business cycle, that 
adjustment follows a well-defined pattern. During the period of 
declining activity and declining prices, purchasing is on a ‘“‘hand- 
to-mouth” basis, and inventories are held to the lowest practi- 
cable working quantities. The reasons for this are obvious. 
Under such conditions the delivery cycle is relatively short, so 
that there is little danger of interrupted production for lack 
of materials, Storage and carrying costs of inventory are cur- 
tailed along with all other costs. By covering for current 
requirements only, and ‘following the market down” with small- 
quantity purchases, the potential loss in declining inventory 
values is held to a minimum. This was characteristic of pur- 
chasing policy in 1932. 

In the depression of this past decade, another policy affecting 
purchasing was highly developed, and came to play an important 
part in many buying and selling transactions. This was the 
policy of reciprocity, by which a company’s desirability as a 
supplier was rated largely on its value as a customer, thus 
injecting an additional factor into the purchasing executive’s 
selection of his sources of supply. Reciprocity is nothing new 
in business, but its intensive development as a major policy 
and its widespread application in purchasing is distinctly a prod- 
uct of the pressure for business during the lean years of the 
early 1930’s. It can be readily rationalized: All other things 
being equal, we prefer to buy from those who buy from us, and so 
we help each other. The trouble with this oversimplified state- 
ment is that other things are rarely exactly equal, and the 
problem becomes one of balancing the advantages and disadvan- 
tages involved in a reciprocal relationship. 

Purchasing men have been traditionally opposed to reciprocity 
as an infringement of their prerogative of free selection of sup- 
pliers and as a practice which is easily subject to abuse. They 
have resented the sales approach which is based on a reciprocal 
claim for preference. Reciprocity is primarily a sales argument, 
as frequently originating in the sales department of the buyer’s 
own company as in that of his suppliers. When reciprocal buy- 
ing was forced upon the purchasing department, it was not un- 
common for the purchasing executive to take great pains in 
establishing the fact that it was accepted only as a sales policy 
and not a purchasing policy, even to charging any forfeited 
price advantages to the account of sales expense. 

Under the stress of the depression, when all departments be- 
came more sales-minded, this traditional attitude underwent a 
very general change. Reciprocity was accepted as a manage- 
ment policy, applicable to both sales and purchasing. It came 
to be regarded as a business factor to be considered in making 
purchase decisions along with other economic and market factors; 
and many purchasing departments organized their records and 
procedure with a view to using this factor most intelligently, 
just as their records and policies were adjusted to take account 
of commodity fluctuations, seasonal markets, the business cycle, 
and similar considerations. This development kept pace with the 
development of reciprocity itself, even when the latter progressed 
from the simple two-way relationship to three-way and up to 
elaborate cases of seven-way reciprocity involving not only 
customers but distributors and customers’ customers. In some 
companies, large and small alike, purchase records are analyzed 
according to vendors and volume and correlated with sales rec- 
ords so that purchases of common supplies such as lubricating 
oil, for example, can be distributed proportionately to sales to 
the respective suppliers; to a lesser extent, purchase records are 
regularly furnished to sales departments as a part of their sales 
jnformation; in a few large companies, individuals in the 
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purchasing department were given the specific responsibility of 
handling reciprocal relationships. 

When the business cycle turns upward, purchasing policies 
are adjusted for longer coverage, longer credits, and higher in- 
ventories, The reasons for this are as obvious as the reasons for 
hand-to-mouth buying during the preceding stage. This 
predictable change in buying policy became apparent as early as 
1937; the new phase was in full effect by 1939 and was being 
intensified month by month under the impetus of the European 
war. A true sellers’ market was in the making. 

Unfortunately, these perfectly normal purchasing policies 
operate to exaggerate the swings of business fluctuations, whether 
on the upward or the downward movement. With wartime in- 
flation and material shortages clearly imminent, every logical 
move of the purchasing executive to protect his company against 
these hazards could only tend to hasten the day of shortages and 
inflationary prices—a fact which purchasing men genuinely 
regretted but which they were powerless to avert except through 
concerted action which was both impracticable and illegal. The 
policies of resistance to price advances and moderation in buying 
for inventory, on a voluntary basis, were strongly advocated bot! 
from within purchasing circles and from the outside, but they 
were effective only to a limited extent in stemming the tide. 

Before the process had advanced very far, however, govern- 
mental controls were developed, mildly at first and then with 
increasing scope and severity, to cope with the situation. These 
controls were prompted by a dual purpose: to prevent a runaway 
inflation, and to assure that the needs of the country’s armed 
forces would have first call on the materials available to industry. 
It is not necessary to detail these regulations here. A large pro- 
portion of them directly affect the purchasing operation in the 
procurement and application of materials, permissible in- 
ventories, and prices. 

Despite the fact that the burden of detailing requirements. 
making application for materials, extending priority ratings, and 
submitting a great variety of reports to the government control 
agencies, has fallen particularly heavily upon purchasing depart- 
ments just at a time when the volume and difficulty of their work 
were greater than ever before, purchasing men have welcomed 
these regulations and co-operated willingly in carrying them out, 
accepting them not only as a necessary measure in the national 
interest but as a means of maintaining an orderly flow of materials 
under conditions which might otherwise have developed into 
ruthless and destructive competition for the limited supplies 
available. Criticisms of the regulations have been directed 
chiefly toward simplifying the control procedures and toward 
permitting the exercise of more discrimination in applying the 
regulations to excessively small quantities and to certain type- 
of ‘shelf products’’—both being everyday problems of purchasing 
procedure and both constructive, calculated te make the system 
work more smoothly and effectively without attacking the basic 
plan. 


PARTICULAR PROBLEMS 


The modern conception of the industrial purchasing function 
had its origin about 1915, under conditions of wartime procure- 
ment comparable to those of today though not on such a vast 
scale. Since that time, stimulated by collective thought and 
effort, and by the newly awakened functional consciousness 0” 
the part of buyers, progress has been sound and steady. The 
mechanics of purchasing procedure are not complicated. The 
underlying principles which make for a more effective procure 
ment program, correlated and co-ordinated with the other depart- 
ments of industry, take time to develop. 

In 1932, particular attention was being given to simplification 
and standardization, purchase specifications, and purchase 
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budgets. Substantial progress has been made in respect to all 
of these matters. A significant trend at that time was toward the 
insistence on more technical or engineering training and experi- 
ence for men entering the purchasing field, and the provision 
of more adequate educational facilities for purchasing work. 
Both of these programs have been carried forward consistently 
and successfully during the decade. There are now upward 
of sixty specific courses in purchasing offered by schools and 
colleges of business administration throughout the country, 
ranging from the vocational-type course led by men from the 
ranks of purchasing to required courses integrated with the 
management curriculum in graduate schools such as the Harvard 
Business School and the Wharton School of Commerce at the 
University of Pennsylvania. 

The major new and current topics to which purchasing men 
are directing particular attention are largely prompted by the 
changes wrought by the war emergency. Typical of these 
problems and activities are the following: 

Substitution of Materials, Common practiee since the more 
general use of specifications in buying has been to compile 
“approved lists” of products and suppliers for each regular 
requirement. Products and firms represented on these lists 
were capable of meeting specifications and were considered 
satisfactory sources from both the purchasing and the technical 
or production viewpoint; the purchasing executive selected the 
supplier from these lists. Under present conditions of scarcity, 
conversion, etc., they no longer represent assured sources of 
supply. The purchasing agent therefore seeks new sources or 
substitute materials which will serve the purpose and which are 
still available. With the approval of technical executives, such 
alternative materials or sources are added to the approved list, 
broadening the potential field from which materials may be 
drawn, even though this sometimes involves basic changes in 
product or operations. The search for materials covers the whole 
range of industries and producing centers. 

Plant Conversion. With manufacturing industry converting 
more and more completely to the production of war materials, the 
character of many plants has radically changed. The purchasing 
executive is now dealing with materials previously unfamiliar to 
him, and suppliers with whom no previous contact or experience 
has been established. This too involves an enormous amount of 
exploration and research, 

Conservation of Materials. The disposition of surplus and 
obsolete materials and equipment has long been considered an 
incidental responsibility of the purchasing department. It is 
logical, therefore, that purchasing men have had a prominent 
part in salvage and conservation activities which are now as- 
suming greater proportions and greater importance in every 
industrial project. 

Government Regulations. It has been previously pointed out 
that a large part of the wartime regulations concern materials 
and procurement. Starting early in 1941, many purchasing 
departments found it advisable to set up a Priorities Section 
within the department to handle the records involved in these 
controls and to keep abreast of changing regulations. This is 
noW a major responsibility in every company, and in many cases 
the Priorities Division has been déveloped as a clearing house 
for all information of this sort. 

Expediting. Follow-up of orders to secure delivery is another 
normal purchasing function that has assumed new importance, 
and it is not uncommon for an expediting staff in 1942 to out- 
number the actual purchasing staff in a buying department. 
Outstandingly successful examples make use of men recruited 
from sales departments, whose broad industrial contacts, tem- 
perament, and training are particularly adapted to such work. 
Administration, The broadening scope of purchasing re- 
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sponsibilities previously suggested, as well as increased volume of 
operations, have resulted in greatly expanded personnel. The 
typical purchasing department in an industry serving the war 
effort has doubled or tripled in size over the past two years. 
This has brought about a change in the function of the depart- 
ment head. Whereas most purchasing directors a decade ago 
were actively engaged in buying, along with an assistant or a 
staff of buyers depending on the size of the company, today’s 
department head is necessarily an executive concerned with 
policies, planning, and administration of the procurement 
function, dealing only with major contracts, if indeed he is 
actually engaged at all in the buying operation. 


DEVELOPMENT OF THE PROCUREMENT FUNCTION 


The position of the purchasing executive in his company or- 
ganization, and in relation to the various other departments, has 
been fundamentally changed as a result of these recent develop- 
ments. In the accepted management formula of ten years ago, 
purchasing was regarded as a purely service function, carrying out 
plans and decisions of design and production departments. A 
new relationship has now emerged, which is indicated by the 
more general use of the term “‘procurement” in place of “‘pur- 
chasing.” Purchasing is an act. Procurement is a function— 
prerequisite to production, and often affecting design. 

With materials, supply occupying the key strategic position in 
our present wartime economy, this distinction has particular 
significance and the purchasing or procurement officer is placed 
in a similarly strategic position in the planning councils of his 
company. The procurement of materials is no longer a service 
operation, but a determining factor in policies and operations. 
The purchasing man who does not measure up to these responsi- 
bilities cannot survive in that position. Fortunately, the em- 
phasis on technical competence and functional training previously 
mentioned have gone far toward preparing purchasers to meet 
this situation. : 

The requirements of the purchasing job have been enormously 
raised. It has always been true that a successful purchasing 
man must be a little of an economist, a little of a factory man, a 
little of an engineer, a little of an accountant, and a little of a 
lawyer. That whimsical description is now a very serious 
matter. Writing a purchase order no longer gives assurance of 
delivery. The formal type of specification has given way to a 
consideration of the function or service to be performed. As one 
leading buyer has phrased it, it is no longer sufficient to make the 
best possible purchase, but the best legally defensible purchase. 

The economic and philosophical approach to purchasing has 
also been altered by the times. Prior to the wartime economy 
in which we are now working, the purchasing man, however broad- 
minded and progressive he might be, was to a large extent com- 
mitted to the laissez-faire theory of business; the particular 
responsibility assigned to him by management was the protection 
of the company’s interests in respect to material costs—always 
remembering that cost and price are not synonymous. In his 
purchasing, he was necessarily the instrument of the competitive 
system. 

Now, as the instrument through which a national planned 
economy is directing the flow of materials, with national welfare 
rather than individual operations as the controlling factor, and 
in his new position of executive responsibility, he has an im- 
portant part in implementing new commercial policies which 
will go far in determining the economy, philosophy, and sociologi- 
cal aspects of the whole postwar world, for materials and their 
distribution—among industries, among nations, and among 
classes—are recognized as one of the basic problems which must 
be solved in the establishment of a stable civilization. 
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LooxIinG AHEAD 


Looking ahead, it is certain that the future of purchasing will 
be a process of further adjustments to change. Many of the 
specific problems of 1942 are developments of wartime conditions 
and are temporary in nature. But there have been permanent 
developments as well. In particular, the emergence of procure- 
ment as a basic management function, co-ordinate with market- 
ing, production, engineering, and finance seems to be funda- 
mental. There is significance in the action of the Harvard 
Business School in correlating its marketing and purchasing 
curriculum under the inclusive title of “Distribution.” 

Historically, the first great advance of purchasing, in technique 
and influence came with the first World War. Permanent 
values were revealed and developed in that experience, which 
became the basis of the past quarter century of progress in buy- 

‘ing. The values and opportunities now apparent in the present 
emergency are immeasurably greater. It is reasonable to assume 
that the experience of that earlier emergency will be repeated, 
to whatever extent purchasing men display the capacity and 
willingness to accept the new responsibilities of distribution and 
procurement. 


Defunctionalization of 
Industry 


By HENRY H. FARQUHAR,’ ALEXANDRIA, VA. 


SUMMARY 


In the 1920’s there was a trend toward “functionalization.”’ 
Thus, in addition to the usual major departments (of production, 
of selling, of finance), various companies went much further in 
separating out certain over-all functions or activities common 
to each of these major operating departments—functions such as 
personnel work, public relations, cost and accounting methods, 
the setting of work standards, and so on—and giving a man in 
charge of each of these authority either within one of these 
departments or over all departments according to his location 
in the organization. But such a high degree of subdivision of 
labor and the setting up of these “functional” officials cross-cut 
and interfered with “line” operations of producing and selling, 
and the past decade has witnessed a decided straight-lining of 
industry back to one-man control at any one point in the organi- 
zation. 

Perhaps the most notable trend in organization during the past 
decade has been the widespread setting up of “staff” assistants 
to various officials, to advise and instruct operating men in 
handling these problems of personnel, public relations, finance, and 
the rest, but without authority to issue orders to operating men. 
In clear-cut organizations it is made plain to everyone that such 
staff men have no authority (except as may be specifically and 
publicly delegated on special occasions). A sharp distinction 
has been made between “line,” “staff,” and “service” or house- 
keeping functions. The natural tendency for staff men gradually 
to assume line authority has been reduced through definition 
of the staff’s place in the organization, as well as through in- 
creasingly sympathetic understanding and use of the staff by 
line executives. 

The other notable organization trends during the past decade 
connected with the movement away from undue functionaliza- 
tion, are the development of more adequate control over total 
operations; the integration of research and production through 
definite organization machinery; and the raising to the top levels 


5 Organization and Management Counsel, 


APRIL, 1943 


and the building up of high-grade men and methods for collective 
bargaining and other personnel matters. 


ORGANIZATION 


HE outstanding over-all development during the 1930's is 
ten great progress our leading corporations have made in 

revamping organization structure to meet the imperative 
demands of the times. 

Anyone who has not followed closely the recent trends in de- 
centralization, and in the simplification of lines of authority 
supplemented by technical staff and service assistance at various 
points, will be impressed with the modifications which many 
companies have made. There is still, to be sure, considerable 
variation in the degree of formality of organization and control. 
In general, as might be expected, the close corporations usually 
have an informal setup, whereas those with wide stock ownership 
tend to develop a more formal structure and to minimize the 
danger of repercussions and drastic changes upon the withdrawal 
of any one individual. 


Practices AMONG PROGRESSIVE COMPANIES 


A few major points of emphasis, indicative of modern practices 
and trends among the more prominent and progressive business 
and industrial firms, are these: 

1 In the larger companies, it is now customary to have one 
official, usually the chairman of the board, who devotes his 
undisturbed time to major matters of policy, contact, public 
relations, and long-time plans and programs, free from the many 
demands of the day-to-day running of the business. The actual 
operating is left to a chief executive—the president or an executive 
vice-president—the chairman concerning himself with current 
administration only in very exceptional cases. In some com- 
panies the chairman has no direct authority over operations. 

2 Particularly noteworthy is the extent to which the staff 
has grown in prevalence and importance during the past few 
years. (By “staff” in this discussion is meant a group of special- 
ists composing a part of an executive’s own office, but outside 
of the line of authority, with no administrative or routine duties, 
whose principal job is to enable the executive more fully to exer- 
cise co-ordinating and other functions pertaining to his own 
office, and who also carry on broad constructive work, keep in 
touch, advise, inspect, and supervise with respect to their particu- 
lar specialties, and act as delegated from time to time by their 
executives in definite fields, functions or projects.) These 
staff officers have charge of no departments, have no regularly 
recurrent or other duties except as delegated by the president or 
by the subordinate official to whom they are advisers. In some 
cases such staff officials are found at headquarters only; in other 
cases corresponding staff men are found at divisional or regional 
headquarters, and also at each individual subsidiary within each 
region. In some cases these distant staff men report directly to 
the corresponding headquarters staff men; in other cases, they 
are under the jurisdiction of the local manager. In either case, 
however, it is the practice for staff men wherever located to 
correspond and deal direct with each other in the discussion of 
programs, plans, and technical matters. 

Among the firms which have taken the lead in modern organi- 
zation, it is the universal practice that staff men have no regular 
authority except by virtue of their knowledge and position. 
When their recommendations are to be translated into action, 
they must persuade the line official concerned that such action is 
desirable, and all orders putting such action into effect are trans- 
mitted by and through line officials. This keeps the lines of 
authority and responsibility clear, and enables the chief execu- 
tive to hold one man responsible for results along specific lines. 

An individual normally assigned to line work may be and often 
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is transferred for a period to a staff position, the staff man mean- 
while being assigned perhaps to the line. There is ordinarily 
much interchangeability between line and staff personnel. But 
the positions remain distinct; during the time the line or the 
service man is occupying a staff position, he is an advisory assist- 
ant to his executive and no longer exercises authority. He is 
not expected adequately to carry on both line or service and tech- 
nical staff duties simultaneously, or switch indiscriminately from 
one to the other. 

The staff thus neither exercises authority over the line nor 
performs line work for an operating official. [A staff assistant 
for personnel management, for example, does not do personnel 
work for the line, nor lessen any line official’s responsibility for 
maintaining good industrial relations. This staff assistant helps 
his executive to see that all line and all service officials conduct 
personnel work in their own units in accordance with announced 
policy and procedure. 

In some notable cases this general staff principle embodies a 
definite group of advisers to the chief executive, each of whom is 
assigned as adviser also to one or more specific departments. 
It is the duty of such advisers to relieve the chief executive of 
many details in running the business, to keep informed of what 
is going on in the division to which he is assigned, to keep the 
chief executive informed regarding such activities, and to serve as 
a correlating and reference agency to which the particular depart- 
ment head is morally obligated to refer. In such cases many 
more officials report direct to the chief executive than has hereto- 
fore been considered practicable—it leaves the avenues of ap- 
proach open, but removes from the chief executive innumerable 
conferences on minor matters. In fact the “span of control” 
has been immensely extended through such means as these. 

A most important element in the full use of the staff, is the 
judicious use of advisory group discussions at various levels. 
Groups are becoming indispensable in big concerns for purposes 
of co-ordination, for developing high morale, for training younger 
executives, and for the simultaneous bringing out of all points of 
view. For these purposes advisory boards in a few cases extend 
throughout the personnel. They should not be confined to the 
top levels, although unfortunately this is where too many of them 
are found today. Their use has been materially increased during 
the last ten years; they are today of major service in helping 
determine company policy as a whole. 

It is significant that such use of the staff, supplemented by 
advisers and advisory boards, has come about on a large scale 
almost entirely since the depression, and in the face of the neces- 
sity of economizing in every practicable way. 

3 In large corporations with many subsidiary plants it is of 
course customary to have in the headquarter’s office a vice- 
president of production, of sales, of engineering, and so on. It 
is the general practice, however, to allow utmost freedom of 
action to the president or local manager of each subsidiary and, 
in effect, these vice-presidents in the headquarter’s office are 
advisory rather than line officials. 

4 All necessary authority for the accomplishment of specific 
work is delegated to one individual as directly and with as few 
limitations as possible; such authority being delegated in turn 
by the particular individual to his subordinates with a view of 
transmitting it as close to the point of action as possible. Certain 
exceptions and reservations, of course, are made in various cases, 
either in written form or in well-understood procedures evolved 
over long periods of time and controlled by headquarters in 
various ways as will be discussed under the next topic. 


ConrTROL 


As has been indicated, it is becoming increasingly the practice 
to delegate aythority with as few limitations, overlappings, or 
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indefinite areas as possible, coupled with the development of 
various means by which the exercise of such authority may be 
checked. Among the outstanding measures by which central 
control with decentralized operation is secured are the following: 

1 The use of advisers as just explained. With an under- 
standing on the part of each line official that he is not only to keep 
his adviser informed but also to secure his concurrence where 
possible in contemplated action, the chief executive has pro- 
vided a series of spokesmen for himself in transmitting his desires 
downward, and a spokesman for each operating official whereby 
the latter’s activities and wishes are transmitted upward. There 
is an understanding by line officials that such advisers have 
freedom to look into any activity at any time. There is thus 
provided a means by which the executive can secure sifted 
summaries of what is going on below, with the safeguard that 
lower officials can come direct to him or he to them; he thereby 
has multiple sources of information regarding each activity. 

2 The creation of staff specialists at various levels throughout 
the organization with much the same effect as in the case of the 
advisers previously described. Such staff specialists have the addi- 
tional function of specializing on current research or other prob- 
lems referred by operating officials—problems which would 
otherwise occupy the time and attention of such officials and 
their subordinates at the expense of getting the work done. 
It might seem that such control through the advisers and the 
staff would result in a slowness of action, but as a matter of fact 
it has the opposite effect in that each line official is given full and 
unmixed authority under close inspection and advisory guidance, 
with the opportunity to reach his adviser or a staff man much 
more readily than he can reach the chief executive. 

3 The increasing use of carefully prepared operating plans and 
budgets, whereby individual responsibility for expenditures and 
results is secured, with monthly or other short-term comparisons 
and measurements. Matters of budgetary control and of adjust- 
ments of funds are in but few cases entrusted to anyone other 
than the chief executive, or to his immediate personal or staff 
assistant delegated by him to make adjustments in all possible 
cases without reference to him. 

4 The much more extensive use of advisory committees in 
the past few years. These committees consist of both permanent 
and special groups, selected with the definite purpose not only 
of getting a breadth of viewpoint, but also of serving as corre- 
lating agencies. In a few cases they are used definitely for the 
purpose of taking details of administration off the chief execu- 
tive’s shoulders by his delegating to the committee authority to 
take action where general agreement can be arrived at. Reports 
of the meetings of such groups, and reports covering subsequent 
action, are submitted to the chief executive. 

5 In various companies the careful detailed definition of 
duties and authority of each individual; in most cases, however, 
such written instructions are couched in broad general terms 
only, and in some cases the attempt to draw detailed specific 
lines is not favored. The latter is more often true, however, 
with old established organizations than where recent changes in 
functions and relationships have been made. 

6 The interchange of headquarters and outlying personnel 
in so far as practicable, and the detail of outlying personnel to the 
headquarter’s office. 

7 Inspection by specialized officials from headquarters, and 
particularly by staff men; in some cases through the medium of 
traveling inspectors who do nothing else; and in all cases by 
occasional field trips of top officials. 

8 Encouragement of all important officials to go to the top 
for advice and guidance if they feel so impelled, without neces- 
sarily clearing through their immediate superior, and encourage- 
ment of the practice of the chief executive’s calling directly on 
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anyone down the line for information and advice. In such 
cases, the chief executive is careful to confine his contact to infor- 
mation and advice, and not give even implied instructions to any 
subordinate except through that subordinate’s superior officer. 


RESEARCH 


Research plays and will play a vital part in the leadership, and 
in fact in the very existence of practically every large company 
today. It is particularly important to observe how operating 
officials and activities, and research officials and activities, are 
correlated and made of maximum benefit to one another and to 
the company asa whole. The following has become pretty much 
standard practice during the recent past: : 

1 With the exception of projects which might be termed 
“pure’’ research looking to long-term product or process develop- 
‘ ments which may or may not have an eventual commercial 
value, it is almost universally customary that all research proj- 
ects are passed on either by the president, by the executive com- 
mittee, or by a special committee delegated authority for this 
purpose. In all of these cases each proposed project is “shot 
at”? from all major angles—sales, production, finance, engineer- 
ing. In some cases formal recommendations from each one of 
these officials are turned in to the central approving agency, 
in other cases the president or agency calls in such affected 
officials as seems necessary for proper consideration of the special 
case, 

2 Actual conduct of research projects is turned over by the 
central approving agency either to the operating or to the re- 
search end of the business, each of which thereafter has exclusive 
jurisdiction over the project under the established procedure that 
the other is to assist if necessary in an advisory capacity. In 
some cases technical men are borrowed from operating depart- 
ments for temporary work under research, and vice versa. 

3 It is quite generally customary for operating officials to 
conduct specified minor research projects through utilizing their 
own technical personnel, but with prior approval of the chief 
executive or of an appropriate official or group reporting to him. 
Such limitations, furthermore, are usually expressed in terms of 
maximum estimated cost, or left to the operating official to be 
carried on within his budget, or to be referred to the research 
division at his option. 

4 It is customary that progress reports be required at short 
intervals covering each continuing or new project assigned. 
The progress reports go to the central approving agency, and to 
other interested or affected personnel. In various cases the 
extent to which research is to be prosecuted is defined in ad- 
vance—for instance, in pharmaceutical manufacture, research 
is in one company limited to determining the medical practi- 
cability of the project, after which the president determines 
commercial practicability through conferences with various 
officials. 

5 When a project is completed to a defined point the results 
go back to the approving agency, which through additional 
conferences determines the department (research, production, 
or sales) which is to have future responsibility for putting results 
of research into practice. 

6 Some interesting variations of paragraph 5 above is where 
specific departments, removed from the jurisdiction of either re- 
search or operating, have the responsibility of converting the re- 
sults of research into factory or other operating standards and 
instructions. Such departments have no authority to put 
standards and instructions into effect, these being finally ap- 
proved by and executed through the line official affected. 

7 In many cases much of the work of research dealing with 
current or short-term projects originates from operating officials. 
In such cases where the project is to be turned over to research 
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to conduct, plans are drawn up by research and approved by 
operating, the work being under the supervision of research but 
with constant touch and advice from operating officials, 

8 Where it becomes advisable to assign a research technician 
to conduct his work within an operating department (such as 
chemical control of manufacture, of rubber compounding, of 
synthetic products, or of engineering work involving machinery 
for processing), the dividing line does not seem to be clear in all 
cases. In some few instances a research man is definitely dele- 
gated to supervise the production processes involved; in more 
numerous instances, the research man temporarily reports to the 
line official for general supervision but with an understanding 
that research is to specify and control technical methods and 
procedures for the conduct of the experiments. 


PERSONNEL—LABOR RELATIONS 


It has been only during the second half of the past decade that 
noteworthy changes as respects the organization status of those 
handling personnel management and labor relations have become 
widespread. The reasons are obvious. Such changes have 
taken two principal directions: 

First, the need for uniform dealing with the national labor 
unions has required that the personnel department or some 
similar office be given added functions and added status in 
respect to collective bargaining. In some cases this has involved 
the actual bargaining and the writing of contracts at the top 
level; in other cases it has involved participation by the per- 
sonnel officer as an observer and counselor; in still other cases 
the personnel officer has acted as management’s adviser and as 4 
co-ordinator of data and principles to keep uniform the bargaining 
covering the various divisions of the company to avoid the error 
of giving one local more than another. 

Second, along with the raising of collective bargaining to the 
top level, has come a decided emphasis on employee participa- 
tion; on the institution of more carefully planned and con- 
ducted suggestion systems; on the improvement of personne! 
techniques, job-evaluation methods, merit rating, standardiza- 
tion in wage and salary determination, and soon. Perhaps most 
significantly, there is just now beginning to be put into general 
practice a conscious development of more systematic and 
rational interviewing and counseling programs in order to help 
the individual worker adjust himself to the total situation—-both 
within and outside the plant—which confronts him. 

It is increasingly customary to find that the man who handles 
such work as is indicated in the two preceding paragraphs now 
reports directly to the chief executive—a major shift in organiza- 
tion in tune with the times. 


MIscELLANEOUS DEVELOPMENTS 


A few miscellaneous organizational developments merit mention. 

1 Quite general decentralization of clerical and service func- 
tions; thus each major division of the business has its own office 
management (with the occasional exception of a central clerical! 
pool, the use of which is optional), its own personnel officer 
(who must keep in close touch with the company personnel offi- 
cer), its own mail and files, its own maintenance, and so on. 

2 Where a central service unit exists, any other unit of the 
company is free to utilize the services or not as they choose. In 
no case does such service unit have control or authority over the 
activities of any other department, the necessary co-ordination 
being performed by the chief executive or his “staff” (as defined). 

3 The practice of having accounting personnel in outlying 
subsidiaries report directly to the accounting personnel in the 
headquarter’s office (functional), is followed in some cases, but 
this practice is decreasing. In most companies the outlying 
accounting personnel reports to the local manager; the head- 
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quarter’s officials have authority to regulate over-all company 
procedures as approved by general management. 

4 Training activities are outlined by headquarter’s special- 
ists, but in most cases actual conduct of training is under the 
jurisdiction of the department head, or of the resident manager 
of the subsidiary, whose personnel is being trained. In at least 
one company the personnel manager reports to any one of three 
co-ordinate manufacturing vice-presidents, according to which 
group of employees is being dealt with; this personnel manager, 
furthermore, has a personnel man in each plant, who, under the 
functional principle, reports direct to him. 

5 Quality inspection, of course, is now quite generally re- 
moved from the supervision or influence of the man who is im- 
mediately responsible for quantity production. 

There have thus been outstanding contributions during the 
past decade to the organization problems of structure, of control, 
of research, and of personnel relations. Under the fire of the 
depression, of defense, and then of war, industrial managers 
have forged a direct and flexible, vet, essentially simple structure 
which combines maximum opportunity for direct action with 
minimum necessary central control. They have refined and 
made more responsive that control. They have extended and 
integrated research—both for war and post-war use. And the 
field of human relations has been raised in status, and refined in 
technique. 

Real progress has been made toward finding the answers to 
some of the most perplexing problems which modern conditions 
have foreed upon top administration—the problems of deter- 
mining sound policy, of minimizing bigness, of the burden on the 
chief executive, of the two-way flow of information, of perma- 
nence and continuity of management, and of striking the balance 
between decentralized operation and central control. 


Gaging and Inspection in 
Interchangeable Manufacture 
By CARLOS peZAFRA,§ NEW YORK N. Y. 


difficulties caused by lack of international accord in the 

field of precision measurement. There was no accepted 
factor for converting metric into English units of measurement 
and vice versa. Nor was there any standard temperature at 
which precision measurement should be made. These points 
were subsequently cleared up so that now 25.4 mm equal one 
inch and the standard temperature at which precision measure- 
ments should be made is 68 F or its equivalent of 20 C. 

This international agreement has tremendously facilitated 
co-operation between allies in war efforts—a co-operation that 
was sadly needed and practically impossible of accomplishment 
in the first World War. 


i T the close of World War I industry recognized the 


ADVANCES IN INSPECTION TECHNIQUES AND INSTRUMENTS 


In recent years great advances have been made in the technique 
of inspection and in the measurement and inspection instruments. 
Contributing to these advances are two outstanding accom- 
plishments. First, the adoption of the American Gage De- 
sign Standards by the gage manufacturers. These standards 
apply to gages of commercial design and establish measurements 
and tolerances for gages and components thereof, affording 
interchangeability between components produced by different 


_ * Director, Gage Laboratory, College of Engineering, New York 
University. Mem. A.S.M.E 
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gage makers. Second, the National Screw Thread Com- 
mission has issued a revised edition of ‘Screw Thread Standards 
for Federal Services’ (National Bureau of Standards Hand- 
book H28) bringing up to date and clarifying the various 
modifications in serew-thread elements, design and classification, 
with standards in tolerances for each type of fit for each size 
range of screw threads. Thus manufacturers of screw 
cutting or forming tools, threaded products, and thread gages 
all have a common reference standard which now eliminates the 
confusion which existed over these many years of standards 
development. 

Formerly, the human equation played an important part in 
the use of micrometers and in setting snap gages with precision 
gage blocks. Tolerances seldom were closer than three decimal 
places. “Go” and ‘‘Not Go” gages were individually applied 
to check each element of a component part and often the accept- 
ance or rejection hinged upon the technique employed by and the 
“feel” of the inspector. Today this human factor is being 
rapidly eliminated by the use of fixtures to hold gaging-points 
making simultaneous contact at the various locations on the 
inserted component where checking for size is necessary. The 
proper pressure of contact of the gage element against the 
component is uniformly maintained so that the same results may 
now be obtained by novice or skilled inspector. The advance 
attained by automatic inspection is illustrated by the practice 
of one automobile-engine manufacturer who employs a device 
whereby twenty-seven elements of a camshaft are simultaneously 
inspected, the accepted shafts rolling out of the inspection 
machine on one level and the rejected shafts rolling off at another 
level. An inspection is accomplished in from four to six seconds. 
A few years ago such an inspection would have required 27 
applications of “Go’’ gages and 27 applications of “Not Go” 
gages, or 54 gage applications in all, requiring many minutes to 
perform, depending upon the skill and dexterity of the inspector, 
who had to be experienced. 


Tue Arr GAGE 


The air gage has become quite popular for certain types of 
work. It is based upon the principle of the escape of air, under 
pressure, through an orifice. If the orifice is so obstructed as to 
restrict the escape of air, a back pressure is built up to actuate 
the pointer on a dial and thereby indicate the error in dimension 
of, say, the inside diameter of a ring slipped over a mandrel of 
proper size through which the air passes to the orifice outlet on 
its side. If the ring is too small it will block the free passage of 
air; if too large the clearance between ring and mandrel will 
permit too much air to escape so that the pointer will indicate 
correspondingly the oversize. 


ELECTROLIMIT GAGES 


Likewise so-called “electrolimit”’ gages are fast making their 
appearance and contributing at this time to the rapid inspection 
of munitions. In this type of electric gage very great rapidity 
of inspection can be maintained. It is applicable to tolerance 
ranges from 0.00005 in. to 0.012 in. with an accuracy of measure- 
ment of 0.000005 in. The instrument is set for any given 
dimension by the use of precision gage blocks or other standard, 
and several gaging heads may be combined in the design of a 
fixture to receive the work, such as shells, fuses, cartridge cases, 
ete., upon which eight or more dimensions can be simultaneously 
checked. 

Each gaging point is individually connected to a light on the 
indicator panel, in addition to being integrated to a master signal 
light usually set at the head of the panel. The inspector needs 


only to insert the work and glance at the master signal which 
flashes red if any gage dimension is in error while the individual 
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light for that gaging point informs him which is the erring dimen- 
sion. Theoretically, at least, the capacity of the instrument is 
unlimited, pinions '/s in. in length and 0.010 in. in diameter 
being checked as easily as large-caliber shells and large automo- 
tive parts. Nor is there any limit to the number of gaging points, 
for interior or exterior dimensions, that may be used at one time. 


WomeEN INSPECTORS 


Although women have been employed to a limited extent on 
peacetime production inspection, the shortage of qualified men 
for this work during the current national emergency has greatly 
stimulated the training of women inspectors. In such training 
courses they are given the same instruction as the men. The 
subjects include review of mathematics, drawing and blueprint 
reading, materials testing, metallography, manufacturing me- 
thods, machine-shop work, jigs, fixtures, gages and inspection 
methods, and actual inspection practice with the use of a wide 
variety of precision-measurement instruments. 

The magnitude of the present war production has prompted 
tremendous improvements in inspection instruments and tech- 
nique so that we may look forward to the ultimate resumption 
of peacetime activities on a far more advanced level than prior to 
the war, necessity being still the mother of invention and progress. 


Statistical Control in 
Applied Science 


By W. A. SHEWHART,’ NEW YORK, N. Y. 
FoREWORD 

Statistical quality control was born eighteen years ago. It 
was Dr. Alford, at that time editor of Manufacturing Industries, 
who two years later announced the birth, as it were, by the 
publication of a short article in that journal.* Thereafter he 
watched with an active, critical interest the development of 
statistical-control techniques and when, in 1932, he wrote his 
report, “Ten Years’ Progress in Management, 1923-1932,” he 
called attention to statistical control as a tool of far-reaching 
significance to management. It is therefore particularly gratify- 
ing to be able to present here a brief survey of developments in 
statistical control that are of interest from the viewpoint of 
management in the hope that the comparatively rapid develop- 
ment of the theory and application of statistical control both 
here and abroad during the past ten years will bear additional 
testimony to Dr. Alford’s ability to sense the importance of new 
developments in scientific method to the solution of everyday 
problems of management. 


Engineers, in co-operation with the American Society of 

Testing Materials, called a round-table conference on the 
application of statistics in engineering and manufacturing, 
out of which came the organization of a committee which is now 
sponsored jointly by five societies.* Progress in the application 
of statistical quality control during the past ten years is largely 
attributable to this co-operative attempt on the part of represen- 


Hig eos years ago The American Society of Mechanical 


7 Bell Telephone Laboratories. Chairman of the Joint Committee 
for the Development of Statistical Applications in Engineering and 
Manufacturing. 

8’ “Finding Causes of Quality Variations,’’ by W. A. Shewhart, 
Manufacturing Industries, vol. 11, no. 2, February, 1926, pp. 125-128. 

* Joint Committee for the Development of Statistical Applications 
in Engineering and Manufacturing sponsored by THE AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS, the American Society for Testing 
Materials, The American Mathematical Society, the American 
Statistical Association, and the Institute of Mathematical Statistics. 
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tatives from several engineering and scientific organizations to 
get people from different groups to merge their common knowl- 
edge of statistical techniques and to discuss their problems in 
order to get a broader view of the usefulness of statistics. 
Co-operation of this character did not stop in America but, 
through the efforts of the Joint Committee and its sponsor 
groups, engineering societies in other countries, particularly 
in Great Britain, were asked to join in surveying the potential 
contributions of statistics. 


INCREASE IN APPLICATIONS OF STATISTICAL CONTROL 


A report of the Joint Committee describing these early activi- 
ties was published in MecHanicat ENGINEERING for November, 
1932, and should be consulted for a brief review of the early steps 
in organizing this co-operative effort to further the applications 
of statistics in engineering. Since then, members of this com- 
mittee and its sponsor organizations have taken an active part 
in the development of the application of statistics. A large 
share of the credit for progress in this direction should go to The 
American Society of Mechanical Engineers which, through its 
journal and its sectional and annual meetings, has done much to 
promote the work of the Joint Committee. 

The few applications of statistical quality control in industry 
in 1932 have grown to many in 1942; too many to list here. It 
may be interesting, however, to review some events, both here 
and abroad, which, viewed from their aftereffects, seem to have 
been most influential in helping to spread the knowledge of the 
value of statistical methods. 

Through the co-operation of the American Standards Associa- 
tion and the engineering societies represented on the committee, 
in 1932, the British Standards Institution became interested and 
appointed a committee to look into the subject with the result 
that an excellent monograph’? by Prof. E. S. Pearson, was 
published by them in 1935. Next in line chronologically was the 
awakening of the interest of the United States War Department 
in the value of statistical methods in the production of ordnance" 
which finally resulted in the request of the War Department to 
the American Standards Association to standardize the quality- 
control-chart techniques to make possible their more general use 
throughout the country. In accord with this request, the 
American Standards Association has recently issued three 
standards on this subject.'? 


At the present time, the Office of the Chief of Ordnance has 
undertaken a program of training conferences on the principles 
of the quality-control technique in the various ordnance dis- 
tricts throughout the country. The American War Standards 
prepared by the American Standards Association were reissued 
by the British Standards Institution in England. Last April a 
joint meeting of the Institutions of Civil, Mechanical, and 
Electrical Engineers was held in London, which, according to 
reports in several scientific journals,'? showed by the large 


10 “The Application of Statistical Methods to Industrial Standardi- 
zation and Quality Control.’’ In 1942, the part of this devoted t 
quality-control charts was reissued in a revised edition prepared by 
B. P. Dudding and W. J. Jennett, BS 600R: 1942. Prior to this 
the A.S.T.M. had issued an important monograph ‘‘Manual on Pres- 
entation of Data,’’ 1932; supplement, 1935. 

11 See ‘An Engineer’s Manual of Statistical Methods,”’ by Col. L. EF 
Simon, John Wiley and Sons, 1941, and ‘‘Quality Control and the 
War,”’ by the same author, Electrical Engineering, September, 1942. 

12 71.1, Guide for Quality Control; Z1.2. Control Chart Method for 
Analyzing Data; Z1.3, Control Chart Method of Controlling Quality 
During Production. 

13 See, for example, ‘‘The Statistical Method in Quality Control — 
A Review of Progress in a New Industrial Technique,”’ by H. Rissik, 
BEAMA Journal, May, 1942, pp. 130-133. 
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number (over 800) in attendance the interest already aroused 
and at the same time did much to promote new applications. 


CONTRIBUTIONS TO Mass PRODUCTION 


Statistical control in mass production may be thought of as an 
attempt to maximize the advantages to be attained through 
interchangeability, a commonplace of production today but 
most revolutionary when Eli Whitney made his muskets in 1798. 
Four specific ways in which statistical control makes this con- 
tribution may be mentioned: 

1 Minimizes cost of inspection. At each stage in the process 
of attaining a state of statistical control of a production opera- 
tion, the application of statistical theory makes possible the 
establishment of sampling plans," that will sereen at minimum 
cost the output of such an operation so as to meet previously 
specified tolerance requirements and previously specified pro- 
ducer and consumer risks. 

2 Minimizes number of rejections. By helping the engineer 
to detect the presence of assignable causes of variation so that 
these causes may be discovered and removed, statistical control 
techniques help to reduce variability of quality and hence the 
number of rejections. 

3 Maximizes quality assurance. As assignable causes of 
variation are detected and removed, the quality of a given product 
approaches a state of statistical control for which the assurance 
that the quality of a piece of product will meet its tolerance 
requirements is a maximum. This fact is of particular import- 
ance for goods that cannot be given 100 per cent inspection be- 
cause of the destructive nature of a test. 

4 Minimizes tolerance range. The operation of statistical 
control provides an experimental technique for minimizing 
tolerance ranges. Such an operation makes possible the most 
efficient use of limited quantities of raw materials and provides 
the maximum degree of refinement attainable by any production 
process. Preliminary studies indicate that the operation of 
statistical control also provides a useful technique for eliminating 
assignable causes of variability in certain kinds of human effort 
as, for example, typing and other forms of transcription. Both 
strategically and commercially, industrial groups and even 
nations often need every increment of efficiency in the use of 
limited quantities of raw materials and human effort that can 
be provided through the application of the operation of statistical 
control. Likewise, they often need maximum refinement in 
quality through elimination of assignable causes, not only in 
pursuit of the arts of peace but also in time of war. As one 
example, the attainment of maximum homogeneity and hence 
minimum tolerance ranges in the properties of raw and fabricated 
materials may extend the potential carrying capacities of ships 
both in the air and on the sea. 


NEED FOR AN ADEQUATE SCIENCE OF CONTROL 


Out of the successful effort to apply statistical techniques in 
the control of quality has grown a general theory and technique 
of statistical control in applied science that is applicable in the 
whole field of the science of management defined'* by the Manage- 
ment Division of the A.S.M.E. as follows: 

“Management is the art and science of preparing, organ- 
izing, and directing human effort applied to control the 
forces and to utilize the materials of nature for the benefit 
of man.” 


Management of today is interested not only in a science of 


4 For tables to assist in establishing sampling plans see ‘‘Single 
Sampling and Double Sampling Inspection Tables,’’ by H. F. Dodge 
and H. G. Romig, Bell System Technical Journal, vol. 44, January, 
1941, pp. 1-61. 

’ Trans. A.S.M.E., vol. 35, 1913, p. 1272. 
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control helpful in “preparing, organizing, and directing human 
effort”’ to win this war but also in one helpful in utilizing to a 
maximum “the materials of nature for the benefit of man’? when 
peace comes, because transition to peacetime production will 
present again many of the problems encountered in going from 
peace to war production. But that is not all. After the war, 
there may come proposals from many quarters, industrial, 
social, '® political, and the like, about the art and science of organ- 
izing and directing human effort in producing goods to satisfy 
in the most adequate, dependable, and economic manner the 
wants of all. As pointed out in a recent editorial on ‘Science 
and Politics” in one of the journals of the American Institute of 
Physies: ‘. . . it behooves scientists to give their serious con- 
sideration to the role of science!” in a state which is becoming 
increasingly centralized. . . . Important problems exist between 
these fields!’ which can be solved to the great benefit of each if, 
firstly, the will to co-operate exists, secondly, the problems are 
fairly and properly formulated, and, thirdly, their soiutions are 
determinedly sought under wise and resolute leadership.”’!* 

One example of a field of universal interest wherein exist many 
important technical problems that overlap the fields of natural 
and social sciences is that of price-quality control. Perhaps 
there are few fields where there is greater need that the problems 
be fairly and properly formulated. To do this, means that we 
must discard many popular methods of control based upon the 
concept of an exact or deterministic science and replace them by 
scientific methods that take into account, as does the theory of 
statistical control, the fact that the quality of goods cannot be 
specified with exactness and that even though they could be 
specified with exactness, they could not be inspected with cer- 
tainty because of the inherent variability between measure- 
ments.2® Then there are those many instances where the 
qualities cannot be measured at all without destroying that 
which is measured, as in the case of many quality characteristics 
of foods, drugs, clothes, ammunition, and so on indefinitely. 
Hence it is that the science of control cannot be exact but only 
probable. In order that we may judge wisely in these days to 
come, we shall likely need as never before to distinguish clearly 
what is, from what is not, an adequate science of control. 


REQUIREMENTS OF AN ADEQUATE SCIENCE OF CONTROL 


To make clear what I have in mind, let us first consider a 
field familiar to mechanical engineers, namely, that of mechanics. 
Many observed phenomena can be described satisfactorily by the 
laws of Newtonian mechanics. These are deterministic in the 
sense that they assume that if such and such an operation is 
performed, such and such measurable events will surely happen. 
However, some mechanical phenomena, such as those treated in 
statistical mechanics, cannot be explained in terms of determin- 
istic laws: instead statistical laws must be introduced. More- 
over, there is not one statistical theory of mechanics but several. 


16 While writing this paragraph, an announcement of a book, 
‘‘Readings in the Social Control of Industry,”’ to be published by the 
Blakiston Company, Philadelphia, came to my desk. In addition to 
carrying fifteen signed articles, it is to give an indexed bibliography of 
more than 250 journal articles published mainly in the last twenty 
years. 

7 Italics author’s. 

18 Science and politics. 

” “The Review of Scientific Instruments,’”’ vol. 13, August, 1942, 
p. 313. 

2 For example, Dean-Emeritus Roscoe Pound of the Harvard Law 
School has discussed ‘“The Relation of Statistical Quality Standards to 
Law and Legislation,”’ in the volume, ‘‘Fluid Mechanics—Statistical 
Methods in Engineering,’’ published by the University of Pennsyl- 
vania Press, 1941, page 137-146. Asa background for this discussion 
he makes use of the article, ‘‘Some Aspects of Quality Control,”’ 
published in Mechanical Engineering, December, 1934. 
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The theories differ fundamentally in the physical assumptions 
made the basis of the assumed statistical laws. The choice 
between them as an interpretation of physical phenomena must 
be based upon their comparative abilities to fit observed facts. 

The fact that observable phenomena are not explainable in 
terms of deterministic laws does not necessarily mean that they 
are explainable in terms of statistical laws. In general, as has 
been shown elsewhere, there are what have been called assignable 
causes that must be found and either eliminated or taken into 
account before valid scientific predictions can be made in terms 
of the tolerance limits on observable values. An adequate 
science of control must provide practical techniques for dis- 
covering such causes. Such a theory is provided by the theory 
of statistical control. 


SratTisticAL Controt Nor MERE APPLICATION OF STATISTICS 


Most of us have a certain curiosity to know something about 
what we are getting into before we begin to learn a new discipline. 
Unless we have some ideas about it and its relation to things 
otherwise familiar, we may not wish to study it at all. In the 
remaining paragraphs, I shall go a little way toward satisfying 
this curiosity, by showing how a statistical theory of control 
differs from simply the application of statistics to certain prob- 
lems in control. 

Common to any statistical theory either of mechanics or of 
statistical control is the use of mathematical probability or dis- 
tribution theory. But the theories differ in the underlying 
physical postulates. In this sense, there may be more than one 
statistical theory of control in much the same sense that there 
may be, and is, more than one statistical theory of matter, and 
any such theory is more than classical distribution theory of 
mathematical statistics. 

Four of the specific ways that statistical control theory in the 
present sense differs from classical statistics are: 

1 Classical statistics start with the assumption that a 
statistical universe exists, whereas control theory starts 
with the assumption that a statistical universe does not 
exist. ; 


Even in the statistical theory of mechanics and of radiation 
phenomena, it is assumed that if a deterministic theory is not 
adequate, then a theory based upon the assumption of the exist- 
ence of laws of chance will be adequate. In the field of quality 
control, as already noted, it is now generally accepted, however, 
that measurable phenomena do not obey laws of chance until 
what is known as assignable causes have been discovered and 
taken into account.?! 


2 Statistical control theory assumes that assignable causes 
can be found and either eliminated or taken into account 
in making valid predictions. 

Statistical quality control has developed and provided a proving 
ground for two techniques for discovering such causes. These 
are: (1) the control chart technique for control of quality in 
production, now standardized by the American Standards Asso- 
ciation and the British Standards Institution, and (2) the sta- 
tistical run chart technique for finding assignable causes of varia- 
tion in research and development. 

3 Classical statistics ignores completely the ultimate goal of 
an applied scientist to make valid predictions in terms of 
tolerance limits as contrasted with the confidence limits of 
classical statistics. 


Control engineers pointed out this fact in 1928 but it was not 


21 For a fuller explanation of this see Chapter 1 of “Statistical 
Method from the Viewpoint of Quality Control,’’ by W. A. Shew- 
hart, published by the Graduate School of the Department of Agri- 
culture, 1939. 
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until 1941 that an academic statistician took note of the problem 
of making valid predictions in terms of tolerance limits.2?  In- 
cidentally, knowledge of the theory of tolerance -range type pre- 
diction gives promise of contributing much to the theory of 
estimation and the theory of testing hypotheses of classical 
statistics in much the same manner that consumer and producer 
risks introduced into statistical quality-control theory in 1925 
were the forerunner of the very important developments by 
J. Neyman and E. 8. Pearson, in the theory of errors of the first 
and second kinds in modern mathematical statistics. That is to 
say, control theory has had to consider some problems really 
belonging in the realm of classical statistics before they were 
recognized there. 

4 Classical theory is based upon the concept of inference 
from a single sample from a statistical universe, the 
ordering within the sample being ignored, while control 
theory must be based upon evidence provided by a suc- 
cession of samples, ordering within the sample, and other 
pertinent information. 


Hence the three scientific steps, hypothesis, design of experi- 
ment, and test of hypothesis in approaching a state of statistical 
control differ from those discussed in classical statisties.2* More- 
over, the problems, before a state of statistical control has been 
reached, as viewed by the control statistician are essentially 
different. For example, at the round-table conference thirteen 
years ago, statistical science was implicitly defined by the chair- 
man, Colonel Rorty, as: (1) The assembly of broad masses of 
data, (2) the reduction of such data graphically or mathemati- 
cally to a more compact and useful form, and (3) the analysi- 
of such data to determine useful conclusions and general laws. 

But the control statistician is not concerned with assembling 
and reducing data in this sense until he has data worth assem- 
bling and reducing. Likewise his experience in the field of 
quality control has shown the uselessness of inferring “statistical 
laws”’ until the effects of assignable causes have been taken into 
account, or, in other words, until such laws exist to be inferred 
Moreover, the help of the control statistician is usually needed 
in designing the experiment that will give the data necessary for 
tracking down assignable causes; in fact his greatest contribu- 
tion is most likely that of helping to design such experiments 
rather than in analyzing the data. 

After a state of statistical control has been attained, the 
principles of statistical inference provided by modern mathe- 
matical statistics may be taken over and applied directly for the 
purpose of inference in terms of confidence limits and tests of 
statistical hypotheses. However, even under these conditions, 
the control statistician needs to go beyond the mathematical 
theory discussed in texts on mathematical statistics as noted 
previously, if he is to be able to make valid predictions in term= 
of tolerance ranges as is desirable in applied science. 


Tue FurureE PROBLEM 


An adequate science of control for management should take 
into account the fact that measurements of phenomena in both 
social and natural science for the most part obey neither deter- 
ministic nor statistical laws, until assignable causes of variability 
have been found and removed. Statistical control provides 
practical control-chart and run-chart techniques for discovering 
such causes so that they can be removed, or taken into account, 
and it provides statistical hypotheses, experiments, and tests of 


22 ‘Determination of Sample Sizes for Setting Tolerance Limits,’ 
by 8. S. Wilks, ‘‘Annals of Mathematical Statistics,’’ vol. 12, no. |, 
March, 1941, pp. 91-96. This is a very important paper from thie 
viewpoint of control. 

23 For a specific illustration of how these differ, see Shewhart, 0. 
cit., pp. 39 and 40. 
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hypotheses for discovering and using statistical laws resulting 
after the assignable causes have been removed. 

The steps involved in attaining and making the most efficient 
use of a given degree of control often involve the co-ordinated 
effort of literally thousands of employees, including physicists, 
chemists, engineers, sales agents, purchasing agents, lawyers, and 
economists. Very few of these people have ever had training 
even in classical statistics and probability and yet many of them 
must be sold on the use of statistical control techniques if the 
control statistician is to have an opportunity of making his full 
contribution to management in the solution of its problems. 
This situation constitutes a problem, not only for those now in 
industry, but also for those responsible for training the industrial 
leaders of tomorrow so that they will have sufficient knowledge to 
help them recognize the potential contributions of statistical 
control theory and technique. 

In the future, the control statistician must do more than 
simply study, and measure the effects of, existing cause systems; 
he must help his colleagues devise means for modifying these 
cause systems in the best way to satisfy human wants. The 
control statistician must not be satisfied with simply measuring 
the demand for goods; he must help change that demand by 
showing, among other things, how to improve the quality of 
these goods to the consumer. He must not be content with 
measuring production costs; he must help decrease them. 

The future contribution of the statistical control statistician 
lies not so much in analyzing data put to him as in helping to get 
data in which assignable causes have been segregated so that 
analysis will lead to valid conclusions not otherwise possible. 
Not only may each industry expect to profit by having on its 
consulting staff a highly trained control statistician with a 
broad background of training in the physical and social sciences 
and with a flair for co-operation with his colleagues, but there 
is also great need for creating, through college training,** a 
statistically minded new generation of those natural and social 
scientists who will have charge of preparing, organizing, and 
directing the effort of those who are “to control the forees and to 
utilize the materials of nature for the benefit of man.” 


Job Standardization and 
Work Simplification 


By HAROLD B. MAYNARD,** PITTSBURGH, PA. 


SUMMARY 


The author traces the growth of interest in job standardization 
and work simplification, contrasting the decade 1932-1942 with 
the preceding decades, calling attention to the increase in litera- 
ture devoted to methods-improvement subjects and the researches 
being conducted in the field. 

The development of the techniques of applications and the 
practices employed to introduce them into industry are outlined. 
Special emphasis is placed on the fact that up to the present time 
the proportion of jobs which have been studied and simplified to 
those capable of being improved is disappointingly small. 

The tremendous expansion of methods-improvement activities 


* This fact is beginning to be appreciated not only in the industrial 
field but also in academic halls where many of the managerial leaders 
of tomorrow are to receive their training. For example, the an- 
nouncement of the Graduate School of Business Administration at 
Harvard for 1940 carries the description of a course on ‘‘Statistical 
Controls for Company Management.” This course has been de- 
veloped by Prof. Theodore H. Brown, a pioneer leader in the applica- 
tion of statistics in the field of management. 

* President, Methods Engineering Council. 
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during 1932-1942 is then described. The author concludes by 
predicting the development of a new procedure which will shift 
the emphasis from the improving of existing methods to the en- 
gineering of highly efficient methods before the jobs are put into 
production, thus avoiding the difficulties inherent in technological 
change and increasing the operating effectiveness of industry. 


N the report which follows, the terms “Job Standardization” 

and “Work Simplification”’ will be used largely as they relate 

to methods of performing work in industry. Because of the 
rapid growth of interest in finding better and more economical 
ways of doing work, there has been a correspondingly rapid de- 
velopment of procedures for accomplishing this betterment. The 
procedures have been given different names by different investi- 
gators, but they all have in common the objective of developing 
and standardizing upon the best way of performing each given 
task. 

GrowTH OF INTEREST IN METHODS 


Although the importance of effective working methods was 
stressed by the pioneers in the time and motion-study field and by 
some of their followers, during the years immediately following 
World War I, managements tended to focus more interest on the 
introduction of financial wage-incentive plans as a means of se- 
curing economies in plant operation. The more enlightened man- 
agements recognized the importance of accurate standards in 
this connection and organized time-study departments to handle 
the function of task measurement. Interest was centered on 
accurate measurement procedures often to the exclusion of matters 
of greater importance. At a meeting of the Society of Industrial 
Engineers held at Detroit, Michigan, in 1928, for example, such 
subjects as the proper type of stop watch to use, the development 
of time formulas for rate-setting purposes, and the like, were the 
subjects in which the chief interest was shown. 

By the time the decade 1932-1942 was beginning, two important 
considerations had developed which caused a rapidly growing 
shift in emphasis from the setting of accurate standards to the 
establishing of better methods. In the first place, it had become 
apparent to the time-study technicians themselves that with all 
their strivings for accuracy, the standards which they established 
did not prove satisfactory over a period of time. Carefully 
measured standards which were accurate when established were 
sometimes difficult for operators to meet later on or in other cases 
proved to be so liberal that the soundness of the original time- 
study work was questioned. In investigating the reasons for 
this looseness of standards, it at length became clear that the 
method of doing the work was of greater importance than had 
hitherto been clearly realized. Minor changes in method which 
were formerly considered unimportant, were seen to have suffi- 
cient influence to make a standard appear liberal or unduly low 
depending upon whether or not the change was an improvement 
upon the method being followed at the time the standard was set. 
True, the time-study technicians had never overlooked the im- 
portance of major methods improvements, and they almost al- 
ways sought to improve methods before establishing standards. 
Their knowledge of methods was imperfect, however, because ad- 
equate techniques had not been developed up to that time. 

At the beginning of the past decade, the country was headed 
for the depths of the worst depression in its history. Business 
was almost at a standstill. A buyers’ market existed, and com- 
petition was on a strictly price basis. Anything which would re- 
sult in cost reductions was eagerly sought. Hence when the 
various methods-improvement techniques began to be intro- 
duced, they found management in a receptive mood. When in 
addition they appeared at a time when the more advanced time- 
study technicians were becoming aware of the incompleteness of 
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their own procedures, it was only to be expected that methods- 
improvement activities would be accepted as desirable and neces- 
sary. 

The procedures used for methods-improvement work go under 
several different names, but they all have in common the better- 
ing of methods as was pointed out above. Much methods-im- 
provement work still goes under the name of time study. The 
older time-study procedure has merely been expanded to include 
methods-study activities. Motion study as developed by Frank 
B. Gilbreth has always been used to study and improve methods. 
It is part of, or forms the basis of, several other procedures known 
variously as operation analysis, work simplification, motion-time 
analysis, and methods engineering. The procedures differ to 
some extent in detail, but there is sufficient similarity of purpose 
in all of them to justify treating them together in this 10-year re- 
port of progress. 


Meruops-IMPROVEMENT LITERATURE 


During the past decade, the literature devoted to the dis- 
cussion of methods-improvement techniques has expanded sev- 
eral fold. Prior to that time, the literature covering the subject 
was limited to the writings of Taylor, Gilbreth, and their early 
associates. A book “Time and Motion Study and Formulas for 
Wage Incentives’ was published by Lowry, Maynard, and Stege- 
merten in 1927, but although it did not overlook the factor of 
method, the major emphasis was on time-study practices. 

In 1932, the book ‘Common Sense Applied to Motion and Time 
Study” by A. H. Mogensen was published. This combined sev- 
eral articles by various men interested in methods-study work 
with some of Mogensen’s own experiences and gave one of the 
first co-ordinated presentations of recently developed methods- 
study practices. Following this book came an increasing num- 
ber of others, all stressing the importance of methods study. 
Among the more widely distributed of these were ““Time and Mo- 
tion Study and Formulas for Wage Incentives,” by Lowry, May- 
nard, and Stegemerten, second edition 1932, third edition 1940; 
“Motion and Time Study,” by Ralph M. Barnes, 1937, second 
edition 1940, ‘Time Study for Cost Control,” by Phil Carroll, 
1938; “Applied Time and Motion Study,” by Walter G. Holmes, 
1938; and “Operation Analysis,” by Maynard and Stegemerten, 
1939. 

In addition to these books, magazine articles discussing meth- 
ods-improvement techniques increased from an occasional article 
to a standard feature in several industrial magazines. Recently 
articles appeared in such nationally distributed magazines as 
Reader’s Digest and Fortune. 

As a further indication of the growth of interest in methods- 
improvement work, it may be pointed out that many of the more 
recent books on management and foremanship subjects include 
one or more chapters on this subject. 


RESEARCH Past AND PRESENT 


During the past decade, research in the field of work simplifi- 
cation has been carried on by several investigators. A. B. Segur 
has continued to develop his motion-time analysis procedure, al- 
though published reports of his work have been meager. Profes- 
sor Ralph M. Barnes has conducted at the University of Iowa a 
number of investigations of specific motion-study problems, 
using students as operators. Although the practical application 
of the results of these investigations has probably been rather 
limited up to the present time, the published reports of findings 
have served to stimulate an interest in this type of research and 
to make clear the vast amount of work which must be done be- 
fore all of the facts about motions and motion times are known. 

Undoubtedly, other research has been and is being conducted 
in this field, the results of which either have not been published or 
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have not come to the attention of the author. In the ranks of 
industry, for example, the Westinghouse Electric and Manufac- 
turing Company has given G. J. Stegemerten and the author the 
broad assignment of conducting motion-study research to the end 
of developing a practical procedure which will lead to the estab- 
lishing of better methods more surely than do the existing pro- 
cedures. Although this research is progressing satisfactorily, no 
findings have yet been published. 


DEVELOPMENT OF TECHNIQUES OF APPLICATION 


The development of techniques of application related to job 
standardization and work simplification has progressed rapidly 
during the past decade. At the beginning of this period, the 
value of process charts, the questioning attitude, micro-motion 
study, and the like as tools of methods-improvement were fairly 
well recognized, but their application during a given methods 
study was likely to be hit or miss. Too many technicians tended 
to conduct their studies by concentrating on the correction of ob- 
vious inefficiencies and thus overlooked greater possibilities. In 
effect, they often established efficient methods for doing unneces- 
sary work. Recognition of this caused the leaders in the field to 
develop a more systematic approach in the application of methods- 
improvement techniques. 

For example, empirical procedures were developed to determine 
at the outset of any study the amount of study justified by the 
economics of the situation. From that point, procedures for 
conducting studies in accordance with the results which could be 
expected were outlined. The operation-analysis procedure or- 
ganized upon the principle of considering first things first was 
evolved. The questioning-attitude tool used since the time of 
Taylor and Gilbreth was expanded to include lists of practical 
questions to be applied to every step of operation analysis and 
even to every therblig. 

During this period, an understanding of what constitutes 
effective methods was developing on the part of various techni- 
cians. Through the medium of motion pictures, particularly of 
the ‘before-and-after’ type in which ineffective and effective 
methods were compared, this understanding was spread through- 
out large sections of industry. Although evidences of this under- 
standing in the form of practical applications were somewhat slow 
in appearing, the technicians could at least begin to talk of two- 
handed operation, normal and maximum working areas, drop 
delivery, and the like outside of their own immediate ranks with 
an increasing chance of being understood. 

One of the stumbling blocks in the road of application of work 
simplification proved to be in getting the operators to use the 
improved methods which the technicians devised. This led to 
the development of better methods of operator training which are 
now an integral part of many work-simplification programs. ‘The 
methods evolved include intproved techniques for imparting 
verbal instructions, more complete and understandable written 
instructions, the use of motion-picture-film loops, or a combination 
of all three. The importance of operator training was recognized 
by the War Production Board during the early stages of the de- 
fense program. The program of job-instruction training which 
it encouraged throughout industry undoubtedly included many 
points which were first developed for teaching improved methods 
derived from motion study. 

The practices employed in introducing work simplification into 
industry have followed a fairly uniform pattern during the past 
decade. Interest in the possibilities for improvement appears 
first, usually in the ranks of management. ‘This interest may be 
inspired by a pressing necessity for cost reductions, a progressive 
desire to improve the competitive position at all times, or a desire 
to follow the example set by others. The next step is to educate 
the key members of organizations as thoroughly as possible with 
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regard to the principles upon which methods improvement is 
based. Groups of technicians are taught how to apply the 
principles in every detail. The foremen and other supervisors 
are usually taught only enough about the principles to enable 
them to co-operate with the technicians intelligently and to 
arouse in them a desire to receive the benefits which work 
simplification brings. In some cases, the education is ex- 
tended to certain key workmen or labor representatives. It 
is not expected that these men will actively undertake methods- 
improvement applications, but rather the purpose of the training 
is to inform them of what methods-improvement work is and to 
show them what they themselves may expect to get out of it. 
The training is usually done at first by a consultant or by a mem- 
ber of the organization trained by a consultant. Later as more 
knowledge of the work is gained, the training may be undertaken 
wholly within the organization. 

The final phase is that in which the methods-improvement pro- 
cedures are applied. It is expected to be a phase which con- 
tinues indefinitely. During the past decade, a great deal of 
interest in methods improvement has been created in industry, 
and much excellent training has been done. Many applications 
of the principles of methods improvement have been made, and 
yet it has been fairly evident to competent observers that the pro- 
portion of improved methods to the number of jobs capable of 
being improved has been decidedly small. A number of factors 
have perhaps been responsible for this. The procedures them- 
selves are new and in the development stage. In some cases, 
they have been competently applied; in other cases they have 
been overapplied. Managements in certain instances have al- 
lowed interest in other matters to prevent them from giving work 
simplification the aggressive backing which it must have if the 
greatest results are to be realized. 

Finally, during the past decade with the growing strength of 
organized labor, there has been an increasing resistance to tech- 
nological change. This has seldom proved to be an insurmount- 
able barrier when work simplification is properly presented, but 
it has made it necessary to do a much more careful job of intro- 
ducing it and to proceed more slowly than was the case in the pre- 
ceding decade. An excellent report on this problem has been 
published by Professor John W. Riegel entitled “Management, 
Labor, and Technological Change” (1942). 


EXPANSION OF Metuops-IMPROVEMENT ACTIVITIES 


The past decade has witnessed a tremendous growth of interest 
in and application of methods-improvement techniques. Fol- 
lowing the pioneering period during which Taylor, Gilbreth, and 
their associates worked in industry, there was a slow but steady 
growth in the use of time and motion studies. The major em- 
phasis tended to be on time-study rather than on motion study, 
however, and although many methods were improved as the re- 
sult of time study, it was more due to the fact that it was impos- 
sible to overlook certain inefficiencies while making the close and 
detailed observations required by time study than because meth- 
ods improvements were systematically sought through the appli- 
cation of methods-improvement techniques. There were, of 
course, exceptions to this, but the fact remains that time study 
received the chief attention. 

The period during and following World War I witnessed the 
mushrooming into prominence of a number of efficiency experts. 
Among them were unqualified, untrained, unethical individuals 
who by misapplying a technique which they did not understand 
did much to blacken the name of time and motion study and to 
retard its application. 

During the first part of the decade, 1922-1932, the procedure had 
to win back the ground which had been lost. This was accom- 
plished by sound relatively unspectacular work on the part of a 


227 


number of technicians who, convinced of the beneficial results 
which the procedure, properly applied, would bring, pressed for 
its application at every opportunity. Then followed a brief era 
of fairly smooth sailing. An increasing number of managements 
accepted time and motion study—although they still meant 
mainly time-study—as being a necessary function and gave it a 
permanent place in their organizations. In the growing prosper- 
ity of the late twenties, few people questioned the wisdom of 
technological change. Unorganized labor in fact accepted it as a 
part of the normal development which was carrying our country 
to a greater material prosperity than had ever been dreamed of. 
It was an era during which a golden opportunity existed 
for undertaking methods-improvement work unresisted and un- 
questioned with plenty of funds available for carrying on the 
work. The opportunity, however, was missed, for the urgent 
necessity for doing the work did not exist. 


INDUSTRY SEARCHES FOR Cost REDUCTION 


When after 1929 prosperity vanished, industry began to look 
for every help it could find. Always before when sales fell off, if 
prices were reduced, sales were regained. For this and other 
reasons falling prices became the order of the day. As prices 
dropped, the necessity for reducing costs increaséd in proportion. 
Wage reductions were put into effect, but the more far-sighted 
realized that this method of reducing costs also reduced the pur- 
chasing power of potential customers. They searched for another 
answer and found it in cost-reduction activities of all types. 
Among these, emerging at a time when the demand for it was 
acute, was work simplification. During the decade of 1932-1942, 
work simplification came into its own, at least as far as recogni- 
tion is concerned. 

Although the interest in methods-improvement techniques has 
been great during the past decade, the actual results accomplished 
have been disappointing to those who appreciate the potentiali- 
ties. The results which have been obtained have been good, of 
sound and lasting benefit, but quantitatively they have been too 
few, at least from the technician’s viewpoint. Some of the rea- 
sons for this have already been discussed. 

In spite of this, it may be said that the development of job 
standardization and work simplification up to the present state is 
of marked significance to the management field. In fact, the situ- 
ation is in the making wherein it will be necessary for management 
to have an understanding of methods-improvement techniques 
and related problems in order to be successful. During the past 
few years, many firms whose organizations have grown old or 
fallen into a rut have turned to work simplification as a means of 
revitalization. Besides the cost reductions which the procedure 
brings, there is a stimulating effect on the thinking of an organi- 
zation when it begins to grasp the almost limitless possibilities for 
improvement which lie dormant in the familiar operations within 
the plant. Work simplification has proved to be a developer of 
men as well as a developer of methods. 

. Managements were realizing these things in increasing num- 
bers as the decade 1932-1942 drew to a close. At thesame time the 
need for handling technological changes more skillfully was also 
becoming more apparent. In turning toa consideration of future 
trends in the development of methods-improvement work, it ap- 
pears that these factors furnish the background which will shape 
the next advances. 


PROBABLE FutTuRE DEVELOPMENTS 


Up to the present time, work simplification has been largely a 


procedure of methods improvement. The term “methods im- 
provement” has purposely been repeated frequently throughout 
this report to give emphasis to the underlying philosophy at pres- 
ent in vogue. The term presupposes that an ineffective method 
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is already in existence at the time the study is begun. In proba- 
bly the majority of cases, the method has been in effect long 
enough for those following it to have become thoroughly accus- 
tomed to it. They know what constitutes normal production, 
how much employment the job may be expected to give, and what 
the earnings will be. At length, the work simplification specialist 
appears on the scene. He studies the job with all of the enthu- 
siasm of creative endeavor. Suddenly the familiar aspects of the 
job disappear. The future looms vague and uncertain through 
the mists of the unknown. Technological change has appeared. 

It is only natural to expect that this process will generate re- 
sistance on the part of those who want the certain security of 
things as they are rather than the promised benefits of things that 
may be. Up to the present, the answer to the problem has been 
to try to sell the benefits so thoroughly that the uncertainties will 
be overlooked. To the author, this solution appears to be merely 
a stop gap. 

In the past, work-simplification technicians have proceeded 
under the principle that it is always possible although not always 
economically practical to improve a method by subjecting it to 
detailed, intensive study. Even after a job has been motion- 
studied, it is usually possible to improve it further by more in- 
tensive study during which the problem is tackled afresh. Ex- 
perience has borne out the correctness of this principle, for it has 
been possible, in case after case, to do this very thing. This may 
be an unavoidable situation, for certainly most progress results 
from a series of developments. At the same time, in the case of 
work simplification, it does not seem inevitable that as many 
steps have to be taken to approach the best method for doing the 
work as is the usual practice. 


Improvinc Metuops BEForE ADOPTION 


In addition, it should not be necessary to wait until a method 
is already in effect before beginning to study and improve it. 
This results in technological change which puts a strain on in- 
dustrial relations. Obviously, the best time to work out the im- 
proved method for performing an operation is before the opera- 
tion is set up in the shop. It may not be possible to achieve per- 
fection from the start, but it should be possible to set up methods 
which approach perfection much more closely than is now the 
case, 

By learning to work out good methods of doing work before new 
operations are introduced into the shop, by introducing these 
methods through proper operator training, and then by leaving 
them alone for a while at least, good methods can be established 
without strain on industrial relations. The disturbing effect of 
technological change from this source will be minimized, and a 
more efficient and a more smoothly functioning industry will re- 
sult. 

This appears to be the next logical development in the field of 
job standardization and work simplification. The present pro- 
cedures must be improved and perhaps new ones developed which 
will make it possible to pre-determine effective methods for doing 
all classes of work. The design engineer and the tool designer 
will have to be brought into a much closer relationship with the 
work-simplification man; in fact, these functions may tend to 
merge into a new function. 

In any event, it will be necessary to take the information which 
has been obtained from past researches, and adding to it by new 
investigations, develop a procedure which can be applied by one 
trained in it to devise efficient methods while the work is still in the 
design stage. Under this new procedure, the emphasis will shift 
from methods improvement to true methods engineering. 


FouNDATION ALREADY LAID BY RESEARCH 
As a matter of fact, these predictions do not belong wholly to 
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the future, for the foundation for these developments has already 
been laid by the researches previously referred to which are being 
conducted at the Westinghouse Electric & Manufacturing 
Company by G. J. Stegemerten and the author. These re- 
searches are leading to a more fundamental approach than is now 
in use which will result not only in the predetermining of effective 
working methods, but also in the predetermining of scientifically 
accurate production standards. In connection with the latter 
point, one of the controversial points in industry today is the de- 
termination of the task which constitutes a fair day’s work. 
Time-study procedures to be sure have been developed which in 
practice do this reasonably satisfactorily, yet nevertheless the 
subjective judgment which must be used in determining just how 
well an operator is working while being studied is something which 
technicians, management, and labor alike would be glad to elimi- 
nate. The development of methods formulas based upon 
careful research which will establish methods and time standards 
from basic data which can be proved to be correct will accomplish 
this end. 

The researches thus far conducted indicate that the develop- 
ment and application of methods formulas will require the services 
of much more highly trained technicians than the present-day 
motion- and time-study or work-simplification man. In all proba- 
bility, as complete and comprehensive a course of training will 
be required as is now considered necessary to turn out a mechani- 
cal engineer or an electrical engineer. A full four-year college 
course devoted entirely to methods-engineering training appears 
likely enough to justify consideration by universities and colleges 
teaching engineering. 

It will require considerable research and practical experimen- 
tation to develop the complete methods-engineering procedure of 
the future, but the results will make the effort worth while. The 
new procedure will cause a better job of cost engineering, 
will markedly improve industrial relations, and will increase 
the efficiency of American industry to the point where it can 
expect to maintain its world leadership in the uncertain years 
ahead. 


Cost Accounting and 
Budgetary Control 


By JOHN A. WILLARD,” NEW YORK, N. Y. 


T is generally considered that standard cost accounting “came 
l of age’’ in the period from 1922 to 1932. In the decade now 
under review, it has been subjected to two major forces. 
The first of these influences is concerned with the gradual de- 
velopment of improved methods which would normally occur with 
the lapse of time in a stable economy. The second is the result of 
the pressure of unusually disturbed economic conditions followed 
by an intensified amount of governmental regulation of business 
in an attempt to offset the effect of the economic collapse of the 
early 1930's. 


Cost ACCOUNTING A MANAGEMENT ForcE 


In connection with the problems concerned with the normal 
growth or development of accounting techniques, it is especially 
noteworthy that cost accounting has become a management 
force rather than a check or audit. There has been developed in 
this period a far better understanding of the meaning and scope 
of control. In fact, control has become an inherent part of man- 
agement rather than a tool. In addition, there has arisen an in- 


2° Partner, Bigelow, Kent, Willard & Co., New York, N. Y- 
Mem. A.S.M.E. 
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creasing recognition that no single formula or routine can meet 
the needs arising from all the problems of all businesses; that 
purely accounting records must be supported by an adequate 
amount of statistical reports arising from the accounting routines, 
but not necessarily tied in with the books. 

Naturally, techniques have been further polished and developed. 
Sound applications to a wide variety of businesses and manu- 
facturing processes have been evolved and in turn subjected to 
greater refinement. 

Interpretations have been formulated of the true significance 
of material, labor, and burden variances. The disposition of 
these variances among asset or liability and operating accounts at 
the close of the fiscal period, has been thoroughly developed until 
procedures adapted to a wide variety of operating conditions have 
become fairly well standardized. 

The beginning of the decade brought the application of costing 
and statistical techniques to market studies, sales analysis, and 
selling and distribution expense. This field will still reward ex- 
tended research, At present it is pretty much limited to a rela- 
tively few companies that present averaged data over a period of 
several months instead of setting it up for current monthly cost 
control, The few exceptions serve principally to emphasize the 
need of a better knowledge of distribution. 

Fifty years hence, these fundamental gains in managerial con- 
trol through improved cost knowledge will more than likely over- 
shadow the more temporary but likewise more voluminous 
changes caused by the impact of governmental control in an ef- 
fort to bring about economic recovery. 


Errects oF ATTEMPTS AT Economic PLANNING 


The decade was still young when the National Recovery Act 
was passed in an attempt to alleviate the effect of presumed tech- 
nological unemployment, overproduction and underconsump- 
tion. Economic planning and the development of mass purchas- 
ing power were resorted to in an attempt to block the descending 
spiral of deflation with its attendant human suffering. 

Trade associations and “industry codes” grew with rapidity, 
and with them businesses needed new accounting techniques. It 
became illegal to sell below cost; statistical reports on selling 
prices were required. And these needed “uniform cost-account- 
ing methods” to show actual violations. The leak due to slack 
methods of calculation of depreciation was closed by govern- 
mental order and new plant-equipment accounting methods. 
Price control and allotment of business caused several changes in 
accounting—even if very few changes in human nature and ava- 
rice, 

Discouragement over continuous losses caused a wave of fixed 
asset revaluations to try to offset them. Under the umbrella of 
the N.R.A. normals were recomputed to boost costs to higher 
levels. 

The N.R.A. was a prodigious experiment in industrial self- 
government. While opinions may differ as to its ultimate value, 
it did bring forth a fundamental definition of interstate commerce 
in the Schechter case; both accountants and industry gained 
valuable experience with uniform accounting systems (industry) 
and simplified accounting, and acquired a better understanding of 
flexible budgetary procedure. 

The Social Security Act made a lasting impression on both em- 
ployment policies and the accounting procedures identified with 
plant pay roll. 

Again, accounting for capital assets and depreciation began to 
assume new importance in connection with excess-profits-tax 
formulas, 

Like the N.R.A, the Robinson-Patman Act also made it obli- 
gatory to adopt accounting techniques sufficiently detailed to 
enable the manufacturer to show that he was not selling below 
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costs. New activity in selling and delivery cost accounting be- 
came vital, as well as more highly refined distributions of expense. 


DEVELOPMENT OF PricinG Po.iciEs 


It is significant that these new accounting techniques were ex- 
tended to form a base for establishing pricing policies. In a 
world struggling to free itself from the deepest economic depres- 
sion ever experienced, the fundamentals of sound pricing policies 
were developed. They ought to prove of lasting benefit. 

One of the most important effects has been the impact of new 
policies of federal taxation on cost accounting, especially on the 
valuation of inventories, 

For years, industry had used either the first-in first-out method 
of pricing inventories, or an average method. The rising tide of 
material prices in the earlier stages of the present war centered 
attention on the use of a method known as the last-in first-out 
method of pricing material inventories. 

It is important to note that the thing which influenced the 
technique was what would save the most taxes rather than what 
would produce the most accurate figures. This fact is mentioned 
principally to illustrate the point that the greatest shifts in ac- 
counting procedure in the last decade have come about as a re- 
sult of economic and social changes and the legislation devised to 
meet them. 

At the moment new techniques for accelerated depreciation 
and amortization on account of the high rates of plant usage, 
when running 24 hours a day for seven days a week, are receiving 
a good deal of attention. 

Again, those executives responsible for industry stability are 
gravely concerned over whether the high rates of profits indicated 
by the books (and on which taxes are being paid) are real profits. 
They question whether the overabsorbed burden now being 
thrown into profit should not be set up as a reserve to cushion the 
shock of postwar operations. The long-term stability of the 
present capitalistic structure is vitally involved in their ultimate 
decision. 


IMPROVEMENTS IN BUDGETARY CONTROL 


The technique of budgetary control has developed very much 
more slowly and over a considerably longer period of time than 
cost accounting. On the other hand, there are probably fewer 
people who can really do a good job of establishing a modern 
flexible budget than can turn out a creditable job of cost account- 
ing. Budgetary procedure is based far too much upon unsup- 
ported estimates rather than upon a careful analysis of the “pat- 
tern” of expense variation under varying operating conditions. 

Here again economic forces of the depression made it necessary 
for budgeteers to draw up budgets at varying levels of business. 
Many of our largest corporations did an extremely able job of 
controlling expense in proportion to available income through 
the use of this variable budgetary technique. 

If the cost standards in the accounting plan are properly pre- 
pared and correctly broken down into their fixed and variable 
elements, the cost control can be made to embody many of the 
better controls inherent in budgetary procedure. In all proba- 
bility, the greatest gains for the future in flexible budgeting tech- 
nique will come from studying departmental expense to deter- 
mine what causes the upward and downward surges so character- 
istic of many expense items. 

In addition to making a detailed study of departmental ex- 
penses for one or two years, it is necessary to chart them to see 
more clearly the cause of the expense variations which accompany 
changes in departmental volume. This step permits the drawing 
of characteristic expense curves from which the equation of vari- 
able expense may be obtained as well as the fixed departmental 
costs. 
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It is in improving this portion of the technique of budgetary 
control that the greatest advances in the future are to be expected. 
However, it should be definitely borne in mind that sound costing 
technique and budgetary procedure are closely interrelated. 
Continuing gains in the one should result in improvement in the 
other. 


Industrial Marketing 
By HARRY J. LOBERG,*” ITHACA, N. Y. 


HE depression of the 1930’s was beneficial to genuine prog- 

ress in the industrial-marketing field. The roots for this 

progress go back many years in some cases, but their origin 
is not of prime importance here. The essential point is that a 
buyers’ market, coupled with broad economic readjustments, 
forced management to reconsider the importance of sales to their 
well-being. A concept, new to many, that sales too had to be 
manufactured, was forced on industry. To make a product was 
not enough—markets were glutted with products. To just make 
sales was not enough—sales had to be made at a profit. Manu- 
facturing products and manufacturing sales had to be in balance. 
A great productive capacity was being strangled by the inability 
to move those goods in the market place. Management had to 
reappraise their techniques and the driving force was survival. 

These generalities may seem to be too all-inclusive, too sweep- 
ing to be specific, but as one breaks down the whole into its parts, 
one becomes aware of a serious attempt to be more scientific, at 
least factual, in the handling of the distribution of goods. To 
some individual concerns, it was a case of carrying on work pre- 
viously started. To others, it meant a complete change in 
attitude and outlook—they were living in an era that was funda- 
mentally different. 

In speaking of progress, one must consider the over-all effect. 
At any one time some are in the vanguard, others are lagging far 
behind either because they are unaware of change, through ig- 
norance, or are too stubborn or unwilling for a multitude of indi- 
vidual reasons to recognize that the old order changeth. Table 1, 
taken from the Biennial Census of Manufacturers, shows at a 
glance that survival was an acute problem. 


TABLE 1 CHANGES IN NUMBER OF PLANTS AND VALUE OF 
PRODUCTS 


Number of Per cent Value of Per cent 

establish- 1929 products 1929 
Year ments = 100 (1000 dollars) = 100 
1929 100 100 
1935 81 44,993,699........ 66 


The impact of the depression varied from industry to industry, 
but few escaped the pangs of hunger and undernourishment of 
few sales. 


MarKeET RESEARCH 


To overcome these difficulties, marketing became somewhat 
more factual and less intuitive. Market research in various forms 
and guises became a better understood mechanism. Manage- 
ment began to apply research techniques to their marketing prob- 
lems analogous to what they had been doing for years in reference 
to production. 

The field of marketing research has been defined in the follow- 
ing statement: 


Marketing research is the study of all problems relating to the trans- 
fer and sale of goods and services from producer to consumer, involv- 


7 Associate Professor of Administrative Engineering, Cornell Uni- 
versity. 
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ing relationships and adjustments between the production and con- 
sumption preparation of commodities for sale and physical distribu- 
tion, wholesale and retail merchandising, and the financial problems 
concerned. Such research may be undertaken by impartial agencies, 
or by specific concerns or their agencies, for the solution of their mar- 
keting problems.*8 

“The Technique of Marketing Research,’’?® published under 
the sponsorship of the American Marketing Association, lists four 
main categories of research :°° 

1 Policy research embraces all marketing research affecting 
the policy of a company, such as studies concerning advertising 
allowances, cancellations, compensation, credit granting, pricing, 
public relations, and returned goods. 

2 Product research includes studies of such subjects as the 
addition of other products; change in design, color, texture, taste, 
etc., to increase sales; comparison with competitive products as to 
performance, style, quality, size, price, ete.; customer require- 
ments and ideas; new uses of products; packaging; and _pretest- 
ing of new models and design. 

3 Market research, as its name implies, covers such studies as 
analysis of consumer markets by sales territories; analyses of 
wholesale markets by sales territories; analysis and interpretation 
of current market statistics; business forecasting; classes of con- 
sumers purchasing product; from point of view of amount and 
nature of income, buying habits, seasonality of interest, location 
and number of individual plants represented; the potential market 
for a product or line; sales quota construction: and sales territory 
delineation. 

4 Methods and means research covers questions concerned with 
advertising, selling, and service. The subjects of studies under 
this heading are competitors’ practices in advertising and selling; 
distribution costs; effectiveness of advertising program; brand 
preference and related topics; effectiveness of various advertising 
mediums; selection of channels of distribution; and the training 
of salesmen. 

No clear-cut picture can be given of the exact amount of mar- 
keting research being carried on, nor is it possible to state in ab- 
solute values the increase that has taken place in the 1930's. 
The increased interest in the subject is reflected in the increase of 
pertinent published material during the period, however. For 
example, the publication in 1939 of the ‘Industrial Market Data 
Handbook,” Department of Commerce Series No. 107 was the 
result of the need by industrial marketers for more data. The 
increased interest in marketing as such by societies, such as the 
A.S.M.E. and the N.I.A.A., can be accepted as further evidence. 
While the success of the Check Sheet—Introduction of New In- 
dustrial Products first issued in June, 1935, by the Department 
of Commerce and revised in November, 1937—again shows the 
aliveness of this subject, without laboring the point, there is 
enough evidence on hand to show that this interest was not 
superficial but dictated by a desire and need for applying factual 
analysis to marketing problems. 

The National Industrial Advertising Budget Surveys indicate 
an increase of expenditure as shown in Table 2. 

The amount spent is relatively small, but it has been increasing. 
It is also fair to assume that the principles and techniques are 
applied by some individual concerns without making a specific 
appropriation or allocating their time and effort specifically to 
marketing research. 

The “Marketing Research Activities of Manufacturers” made 


28 Report of the Committee on Definitions, American Marketing 
Association. 

29 ‘The Technique of Marketing Research,”’ prepared by the Com- 
mittee on Marketing Research Technique of the American Market- 
ing Society, McGraw-Hill Book Company, 1937. 

30 Adapted from ‘‘Marketing Research Activities of Manufactur- 
ers’”’ (Market Research Series No. 21), United States Department of 
Commerce, April, 1939. 
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PERCENTAGE OF MANUFACTURERS REPORTING MARKETING RESEARCH 
UNDER FOUR MAIN CATEGORIES AND TWO LEADING SUBJECTS UNDER EACH 
PER 
CENT 
ALL MANUFACTURERS REPORTING 
MARKETING RESEARCH 100 
MARKET RESEARCH 80 | 
POTENTIAL MARKET 60 
ANALYSIS OF CONSUMER MARKET 52 77, 7 
BY SALES TERRITORIES 
PRODUCT RESEARCH 75 | 
COMPARISON WITH COMPETITIVE 7 
PRODUCTS 34 
ADDITION OF OTHER PRODUCTS 
METHODS AND MEANS RESEARCH 6! } 
COMPETITORS’ PRACTICES 35 LA 
TRAINING OF SALESMEN 3) LL LL 
POLICY RESEARCH 48 | 
PRICING 28 
ADVERTISING ALLOWANCES 
P7777 SUBJECTS 


Fig. 1 


TABLE 2 PERCENTAGE OF TOTAL pak 7 BUDGET 
SPENT ON MARKET RESEARC 


ple for actual 


Total number of Average for total num- number reporting 


Year questionnaires ber of questionnaires Number er cent 
1937 134 0.1 ae a 
1938 164 0.1 ae on 
1939 416 0.28 36 3.13 
1940 345 0.20 36 1.87 
1941 305 0.18 28 1.91 
TABLE 3 SUMMARY OF REPLIES OF 
REGARDING MARKETING RESEARC 
Total Manufacturers 
manufacturers conducting mar- 
replying————~ research, 
Classification Number Per cent Number 
Total 556 100 188 
1 Consumer 133 24 54 
2 Industrial goods............. 341 61 105 
Consumer and industrial goods 82 15 29 


in 1938 gives further evidence, Table 3. This is biased somewhat 
since the questionnaires were mailed to many who were known to 
be carrying on research—it was not a complete census, 

From the same study the following chart indicates the fields of 
greatest interest. 

Market research in its various forms was steadily being used 
more intelligently and extensively. With its broader application 
came improvements in techniques. The use of small samples and 
their statistical reliability became more firmly entrenched. Field 
work and questionnaire development was improved. The knowl- 
edge of how to ask questions associated with the psychological 


ANALYsIS OF REPLIES TO QUESTIONNAIRE ON MARKETING RESEARCH 


needs became greater. Difficulty is still encountered in the field 
of semantics—wording of questions to get true answers is still a 
real problem. In the industrial field, the necessity for properly 
qualified interviewers capable of obtaining maximum information 
on a more informal basis has been realized. The distinctions be- 
tween consumer household investigations and industrial manage- 
ment investigations are more clearly understood, resulting in 
studies that are far more informative than those based on just 
counting heads. 

The effect of increased use of market research is evident in all 
phases of distribution. It is discussed here first and in somewhat 
more detail to set the background for its application in other ma- 
jor branches of marketing. 


PRropUCcTS AND Propuct DEVELOPMENT 


In 1932, Business Week wrote: ‘‘An outstanding characteristic 
of business today is the hard driving search for new products, 
something to keep idle machines busy, something to give a fillip to 
the market.” In back of this drive came the realization that prod- 
ucts must be geared to the needs of the user. The buyers’ market 
brought on a better understanding of the value of designing prod- 
ucts, not only from a utility point of view but also for eye appeal. 
The so-called industrial designer came into the picture. Stream- 
lining became a by-word. In this process the designer was 
brought closer to the user—products were redesigned—simplic- 

31 United States Census. 


TABLE 4. MANUFACTURERS’ SALES—DISTRIBUTION BY PRIMARY CHANNELS* 
Per cent of distributed sales made to 
Own wholesale branch Own retail Wholesalers and Retailers for Industrial, etc., 
— stores jobbers ~ resale users: 
1929 1935 1939 1929 1935 1939 1929 1935 1939 1929 1935 1939 1929 1935 1939 
17.4 21.7 23.0 2.4 72.8 3.2 32.8 26.2 26.9 17.9 20.9 19.8 27.7 26.6 25.8 
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ity, functional analysis, and inherent beauty became necessary. 
The packaging of many industrial goods was part and parcel of 
this newer attitude toward product design. 

The effect of this trend toward product improvement was to 
bring production and selling closer together. It has resulted in 
more definite plans and procedures for locating and appraising 
product ideas.*? The effect to the average individual has been 
more noticeable in consumer goods, but it definitely has had its 
counterpart in industrial goods. 


DISTRIBUTION CHANNELS 


Since the bottleneck was the distribution of goods, it seems ob- 
vious that the ways and means of getting goods into the hands of 
the ultimate user would be more carefully scrutinized. The 
over-all picture is shown in Table 4. 

The over-all picture indicates a trend toward more direct control 
of the selling process on the part of the manufacturer. Naturally 
these shifts and changes have not been uniform or of the same 
magnitude and direction in various industries. This trend was 
due to many causes, but probably the most important ones were: 
(1) The need for more aggressive selling and merchandising in a 
highly competitive era than was being supplied by the average 
middleman; and (2) the better transportation and local storage 
facilities made it easier to accomplish. 

Selective distribution became more widely used and important. 
Having measured markets more carefully, it was logical to select 
such methods and organizations that would and could cover the 
sales territories more effectively. 

The tendency toward voluntary chains and group buying in the 
consumer’s field has had its repercussions in the industrial market. 
For example, in the hardware field the jobbers, who formerly re- 
frained from soliciting business in the industrial field because they 
did not want to compete with their own customers for local in- 
dustrial business, have now discarded that policy and are energeti- 
cally developing the industrial market. Thus a new group has 
entered the industrial distribution picture because of actions 
taken by those primarily concerned with consumer distribution. 
This has resulted in a tendency toward larger and financially 
stronger units taking over most of the distribution. 

The typical industrial distributor has not been completely idle. 
He does perform definite functions and services. Many of them 
have also changed their selling techniques to meet the demands of 
users and the effect of intensified competition. The present war 
may reverse any trends established in the 1930’s. Certainly dis- 
tribution problems will be intensified when peace comes. Per- 
haps the industrial market will see the counterpart of the super- 
market in some fields, especially those bordering closely to con- 
sumers’ goods in use and application. 


Sates ANALYSIS AND SALES CONTROL 


The importance of more careful sales analysis, not only by 
territories but by products or lines, was evident. To stop the 
profit leaks, it was necessary to make more detailed studies. The 
over-all picture was frequently misleading. Shifts in emphasis on 
profitable items and profitable customers were necessary, leading 
again to more selective distribution. 

Concomitant with sales analysis came more definite control 
of the salesman’s time and effort. A study made by the writer in 
1938 on controlled routing of salesmen did not indicate that it was 
universally applied, but it did indicate that more effort was being 
made to direct salesmen’s efforts in the channels that would pro- 
duce greater sales. 

The extent of control exercised varied considerably with the 
type of product and the character of the selling job needed. 


32 “Locating and Appraising Product Ideas,’”’ by Ross M. Cunning- 
ham, Journal of Marketing, July, 1942. 
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However, more and more concerns realized that sales just did not 
grow. Careful planning and direction were needed. This was 
achieved either by training salesmen to operate more efficiently 
or, on the other extreme, routing him on practically a fixed sched- 
ule. The success of routing hinges largely on the judicious use of 
free time to cover emergencies as determined from the analysis of 
the selling job to be done. 

From sales analysis and control came reduced distribution 
costs. Also more information from a sales-accounting point of 
view for more reliable budgeting and sales forecasting. 


SALESMEN’S TRAINING AND COMPENSATION 


The new problems of selling necessitated new selling methods. 
High-pressure methods had to give way to more service or at 
least a better understanding of the customer’s needs. Sales train- 
ing programs were revised. The trend was toward doing a more 
thorough job and replacing textbook and classwork with more 
training directly in the field. 

The cost of training tended to increase. More companies be- 
gan to retrain old salesmen as well as new recruits. But with the 
realization that the possession of a catalog and price list did not 
make a man a salesman, companies devoted more time to train- 
ing either on an informal of formal basis. Closely coupled with 
this is the problem of hiring new men. Psychological testing is 
showing an increase of use. This trend may easily become more 
pronounced based on the results being obtained by some firms at 
the present time in relation to production workers. 

Compensation plans have been adjusted to meet the require- 
ments of doing a balanced sales job. ‘The past ten years have 
seen two major trends in compensating salesmen. At the begin- 
ning of the period, there was a stampede to straight commission 
basis of remunerating salesmen. Then, as business conditions 
improved, Dartnell surveys began to disclose a gradual but defi- 
nite trend away from commission bases and toward salary 
plans.’’34 

A study by the writer in 1938 indicated that in the industria! 
field a combination of straight salary and commission or bonus 
was most popular, although straight salary was a close second. 
During the period under consideration, it is evident that more 
thought was given to sales compensation. Many companies 
tried to get the advantages from straight salary and commission 
forms of payment by combining the two, thus eliminating the 
disadvantage ofeach. No single compensation plan is best under 
all circumstances and for all products, but a sincere attempt was 
made to make salesmen’s earnings more equitable, 


ADVERTISING AND SALES PROMOTION 


Advertising has been in the limelight and critically appraised. 
The net result has been beneficial. More of top management 
have realized that it is one form of selling tool that can be used 
effectively if properly administered and co-ordinated with the rest 
of the selling program. 

Much more interest has been shown in attempts to find out the 
value of advertising. The most monumental study in this respect 
has been “The Economic Effects of Advertising,’ conducted by 
the Harvard Business School under the direction of Professor 
Neil H. Borden, published in 1942. Other studies, such as the 
“Proof of the Effectiveness of Industrial Advertising” by the 
Eastern Industrial Advertisers made in 1940, indicate the trend 
of thinking of both advertising men and management. To quote 
from this study: “. .. for too many years too many of us have 
been working in the dark, in so far as knowing the actual value, the 
definite proof of advertising.” 

This critical attitude has been helpful. Industrial advertising 


33 “‘Salesmen’s Compensation and Salary Incentive Plans,’’ Dart- 
nell Report No. 506, 1940. Dartnell Corporation, Chicago, III. 
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has improved in quality. A better realization of what it can do 
and what readers of it expect in the way of information has come 
about. Under the suggestion of many leaders in the field and 
summarized by the Associated Business Papers campaign of ‘Tell 
All,” industrial advertising has not only become more factual but 
more informative. More companies are finding out what readers 
want to know and then supplying this information through their 
advertising media. At the same time the advertising has taken 
a more human approach and is not quite so dry as dust. This 
improvement has not been one based on a radically new approach, 
but rather a better understanding of what, fundamentally, in- 
dustrial advertising can do. The institutional type of advertising 
being carried on when no products are available for general sale, 
as exists at the present time, indicates some belief at least in the 
role advertising plays in long-range planning. 

Coupled with this altered attitude toward advertising has been 
the increased use of copy testing in its various forms. Here again 
one finds the basic ideas started much earlier but real tangible 
progress made during the period of the 1930's. 

The co-ordination of advertising with other forms of selling has 
heen noticeable if not capable of actual measurement. 

The sales tools available for salesmen have also undergone con- 
siderable revamping. Visual presentation kits, better models 
and samples, the increased use of slides and movies all give em- 
phasis to the necessity of properly equipping a representative to 
do the kind of selling job needed. 

The objective behind these moves has been to increase selling 
effectiveness and to reduce sales costs. The constant drive for 
increased efficiency has resulted in improvements—slow in some 
cases, much more rapid in others. 


MISCELLANEOUS TRENDS 


The impact of government regulations and laws on industrial 
goods has not been so marked as with consumers goods. Never- 
theless, the important element of pricing has not been overlooked. 
With more study being given to sales costs and analysis, pricing 
as an element in marketing strategy is slowly taking on more 
significance. 

The use of market-research principles in the field of public re- 
lations—both at home and away from home—has been cropping 
out here and there. The development of better internal relations 
in view of recent labor legislation may become an extremely im- 
portant outgrowth of the seeds planted largely in the period under 
consideration, 

Likewise, the humanizing of corporation annual reports so that 
stockholders and employees knew what was really being done is 
important enough to bear further watching. 


SuMMARY AND CONCLUSIONS 


The attempt here has been to highlight the more important 
trends—others might be of more importance to a particular in- 
dustry, while still others may blossom out in full vigor after the 
war when they in themselves seem minor at present. The biggest 
step forward in the industrial-marketing field has been the reali- 
zation that distribution is essential. The application of more 
scientific analysis to the various problems involved is evident. 
The result has not been Utopia but at least more companies are 
carrying on their activities with a better understanding of the 
needs of the users. Realizing that sales are made in men’s minds, 
they are becoming more human in their approach. 

The effect of government regulations has been purposely omit- 
ted. The impact of war may have more far-reaching effects than 
anything indicated or suggested by previous legislation. 

Practically all other trends will probably continue. Surely 
With our tremendous production capacity being developed for 
war, the conversion to peacetime needs will again make distri- 
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bution rather than production of prime importance. The prob- 
lems of product development and adaptation, the actual selling 
and advertising of goods, the training of men, and the unremitting 
research for changes in both location and preferences of markets 
will become vital again. 

The foundation and trends established in the decade of the ’30’s 
will carry on, for most of them have been based on a more reason- 
able and logical approach to the problem, 


Job Evaluation and 
Merit Rating 


By ASA S. KNOWLES,“ KINGSTON, R. I. 


HE past decade has witnessed both growth and refinement 
"a many of the tools of industrial management. Those 

which have received most attention, however, are the tools 
which are related to the management of manpower. Because 
wages and salaries have been subjects of controversy, managers 
and labor leaders alike have sought for tools and ideas to assist in 
ironing out many of the difficulties which arise when matters of 
pay determination are under discussion. Job evaluation and 
merit rating have proved helpful in providing both useful and 
accurate information about jobs and men. Consequently, a 
great deal of attention has been devoted to their development and 
refinement. 


Jos EVALUATION 


Significant among the steps of progress which have been made 
in job evaluation during the past decade are those presented in 
the following paragraphs. 

Job evaluation has been misunderstood by many in both man- 
agement and labor circles. Some have thought of it as a system 
for deciding the amounts to be paid for various jobs and conse- 
quently to determine the total pay roll which a firm must be pre- 
pared to meet. Others have thought of job evaluation as a sys- 
tem for justifying existing pay scales through paper work. Still 
others, and particularly many in the labor groups, have regarded 
job evaluation as “‘just another pay system,” and have so branded 
it. 


An UNDERSTANDING OF PURPOSE 


Intelligent discussion of job evaluation has done much to 
remedy these false concepts. In practice, job evaluation results 
in compensating for work on the basis of its requirements to make 
rates of pay equitable for all jobs in an organization. This result 
is accomplished as follows: 


1 The work requirements of all jobs are expressed in common 
factors—skills, responsibilities, etc. 

2 These common factors are used as a measuring stick by 
which all jobs are appraised, i.e., the relative requirements of the 
jobs, one in relation to the other, are decided. 

3 The relative values decided upon are converted into job 
ratings. 

4 The ratings become the basis for deciding what amount of 
the total pay roll each job is entitled to command—the amount 
that each job justifies for anyone who can meet its minimum re- 
quirements. 


Any tool of management which deals with wages and salaries 
must be clearly understood by both management and labor if it is 
to be used constructively. It is significant to record, therefore, 


34 Dean of the School of Business Administration and Director of 
Industrial Extension, Rhode Island State College. 
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that the past decade has witnessed a greater understanding of job 
evaluation on the part of management and labor. 


IMPROVEMENTS IN TERMINOLOGY AND TECHNIQUES 


At the outset, most instruments and tools are crude. They 
are perfected and refined with use and application. In this re- 
spect remarkable strides have been made in job evaluation during 
the past ten years. Both the terminology and techniques which 
are requisite to having a job-evaluation program have been refined 
and perfected. This is a result of the merging of informatjon on 
the part of many firms now having job-evaluation plans in opera- 
tion and individuals who have devoted particular attention to 
research on this subject. 

In the early twenties, the initial job-evaluation programs used 
a number of factors to measure jobs which are now discarded. 
It was discovered through use that such factors as skill, training, 
and experience overlap considerably. Fatigue, prevailing wages, 
cost of living, profit of the company, and similar factors which 
were deemed to be desirable by some to use in appraising jobs 
have been discarded. 


Four Major CLASSIFICATIONS OF Factors 


Experience reveals that there are essentially four major classi- 
fications of factors which can be used to compare jobs. These 
are requirements of various jobs with respect to (1) skills, (2) 
responsibilities, (3) effort, and (4) working conditions. Each of 
these lends itself to subdivision for purposes of definitions which 
measure relative requirements of individual jobs. 

It is increasingly recognized by all who operate job-evaluation 
plans that definitions must be broad and yet discriminating if 
comparisons are to be made among jobs which are similar, as well 
as different, in requirements. This demands that those in charge 
of developing evaluation systems must develop terminology 
which measures types and degrees of skill, responsibilities, etc., 
rather than specific kinds of these. For example, it is possible to 
compare the skill of a switchboard operator to that of a business- 
machine operator as to type. The particular things which they 
do are not important, but rather the degree of types of skill— 
manipulative ability which is paid for. 

Improvements have been made also in the development of 
techniques used to collect job information which is translated into 
descriptions and specifications and in this same connection great 
strides have been made in the preparation of descriptions and speci- 
fications which are useful not only for job-evaluation purposes, 
but also other functions which are normally performed by the 
personnel department—selection, training, guidance, etc. 

The past decade has seen a growing tendency to adopt the use 
of weighted-point systems to evaluate jobs as compared to the 
job-ranking or classification system and so-called factor compari- 
son system. It is recognized that the weighted-point system per- 
mits use of numerical definitions as well as word definitions to 
measure the relative degrees of difficulty of various jobs. 

Another refinement which has been helpful in the improvement 
of techniques has been a careful definition of what is meant by 
key jobs as used in the job-evaluation process. Key jobs are now 
selected in the light of these requirements: 


1 Cover a large portion of the personnel of the company. 

2 Have counterparts in other companies and therefore per- 
mit cross-comparisons. 

3 Are stabilized as to duties and not in a state of flux. 

4 Are familiar to the entire organization. 

5 Are distributed over the entire range of pay of the company. 


ADOPTION AS TOOL oF COLLECTIVE BARGAINING 


Firms having job-evaluation plans in operation find that the 
information needed to evaluate jobs is useful also in matters per- 
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taining to collective bargaining—particularly when rates of pay 
are under consideration. Job descriptions and specifications pro- 
vide data upon which to base discussions and conclusions regard- 
ing what jobs are worth. 

Significant in this respect is the insistence of some labor unions 
that job evaluation be the basis of discussion between manage- 
ment and labor regarding jobs and the pay they are to receive. 
Some recent labor-union contracts contain clauses which require 
a job-evaluation system for working out base rates of pay. 


USEFULNESS IN PERSONNEL ADMINISTRATION 


The information collected for job descriptions and specifica- 
tions has been found to have real usefulness also in making selec- 
tions and placing employees in an organization. When specific 
information is available about jobs it is possible to fit applicants 
more carefully into the types of work for which they are best 
qualified. Job information is useful also for training purposes. 
Good job descriptions become the basis of desk or bench manuals. 
In this same connection much progress has been made in the de- 
velopment of standard titles for jobs. Instead of using widely 
varying names for the same or similar kinds of work, titles are 
being made more uniform from department to department as well 
as among various companies. Job evaluation has helped also in 
the promotion of better supervision. The rating of jobs forces 
supervisors to study more carefully the jobs for which they are 
responsible and they know what to expect of their employees 
in performing their work. 


APPLICATION OF THE PRINCIPLES TO SALARIED JOBS 


The early work in the field of job evaluation was developed in 
connection with jobs compensated for on an hourly basis, i.e., 
jobs ordinarily related to the shop and factory productive work. 
Within the past ten years an increasing number of commercial 
organizations as well as manufacturing establishments have made 
application of the basic principles of job evaluation to the deter- 
mination of base rates of pay for jobs compensated on a salary 
basis—clerical, supervisory, and executive jobs. The basic prin- 
ciples of evaluation are no different for salaried jobs than those 
employed to evaluate the work done by the worker paid on an 
hourly basis. The major and sub factors used and their defini- 
tions do vary, however. The development and refinement of the 
definitions of these factors has been a singular contribution to the 
job-evaluation field during the past ten years. Particular men- 
tion should be made too of the application of job evaluation in 
appraising the worth of occupations in the public service, i.e., 
jobs of federal, state, and municipal governments. Worth-while 
contributions to the literature of job evaluation have been made 
by those who are applying basic principles of job evaluation to 
salaried governmental jobs. 


DEVELOPMENT OF WIDE-SCALE PROGRAMS 


A further expansion of job-evaluation work which had its major 
development almost wholly during the past ten years is the par- 
ticipation of trade associations in the promotion of job-evaluation 
as a desirable system for determining wages and salaries. Typi- 
cal of these is the National Metal Trades Association which has a 
job-evaluation plan designed for the metal-trades industries which 
are its members. The work of this association and others has 
been a real contribution. It has promoted interest among firms 
in the same or related businesses to do the following: (1) Adop- 
tion of uniform titles for the same work, (2) elimination of dis- 
crepancies in pay for the same or similar work, and (3) provision 
of accurate job information upon which to base pay decisions. 


DEVELOPMENT OF PROFESSIONAL STATUS OF JOB EVALUATION 


Job evaluation has reached a point in growth where there are 
today a number of persons who devote their major attention to 
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work in this field. They are primarily engaged in installing sys- 
tems for various firms seeking to adopt job-evaluation plans. 
These persons are specialists in job evaluation and their work has 
given this particular field a professional status. 

As an increased number of persons prove their competence in 
this field, there should result (1) a more widespread adoption of 
job evaluation as a program of wage and salary determination 
and (2) further refinement of techniques used. Conceivably, 
these specialists will help to bring about wider use of standard job- 
titles, standard definitions of jobs, and standard terminology 
which will be used in making job comparisons. The net result 
will be to iron out unfair and inequitable pay discrepancies 
throughout all industry and to promote better labor relations. 


Merit RatTING 


The developments which have taken place in the rating of men 
which have proved significant during the past ten years are out- 
lined in the succeeding paragraphs. 


Coser Tiz-IN BETWEEN RATING AND MAN RATING 


At one time men were rated without the raters having available 
any particular information about the jobs filled by the persons 
being rated. Today it is standard practice to have job specifi- 
cations available for raters to guide their appraisal of perform- 
ance. Since job specifications are an essential part of a job- 
evaluation program, a closer tie between merit rating and job 
evaluation is a natural outcome. 

Job evaluation and merit rating are being used in conjunction 
by a growing number of organizations. Jobs are rated to de- 
termine base rates and men are rated to determine the pay dif- 
ferentials which they are entitled to receive as rewards for per- 
formance and contributions to their work, etc. When pay is de- 
cided solely on the basis of job evaluation and merit rating, pay 
inequalities are minimized. Information about what jobs re- 
quire is combined with knowledge of what men do in the per- 
formance of them to establish fair and equitable rates of pay. 
Moreover, when controversies arise about pay matters, infor- 
mation is readily available for discussion and settlement of dis- 
putes, 

DEVELOPMENT OF MAN-RAtTING TECHNIQUES 


The rating of men isnot new. Fora long time there have been 
rating systems based on the use of letters, numbers, and group- 
ings. Until recently, however, little distinction has been made 
between objective and subjective measures. The objective meas- 
ures are those which lend themselves to specific caleulation— 
measures of quality, output, safety, performance, ete. The sub- 
jective measures are those which are based wholly on judgment. 
Modern rating sheets are divided into two parts—objective and 
subjective—and wherever possible, objective measures are used 
so as to minimize prejudice and bias. 

Another step forward in techniques which has been perfected 
during the past decade is in the use of weights. Raters are now 
told not only to appraise particular characteristics which men 
possess, but also to decide what values these characteristics have 
in the performance of the jobs they fill. Characteristics are given 
numerical weights which indicate whether they are essential, de- 
sirable, or unimportant in meeting minimum job requirements. 

Improvements have been made within the past ten years also 
in the thinking about the frequencies of ratings, i.e., how often 
they are to be made. In addition, considerable attention has 
been focused on the training of raters, i.e., having those who are to 
do rating properly instructed as to what they are doing and its 
importance to the individuals rated. 


BROADENING OF APPLICATIONS OF Merit RATING 
During the past ten years merit rating has been extended to in- 
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clude not only those who work in the factory but also supervisors 
and top executives. It is not uncommon for rating systems to be 
applied to an entire organization, those at the top being rated for 
their capacities in the performance of their tasks just as ratings 
are made of those who are classified as employees. Supervisory 
rating techniques have been developed and applied successfully 
for purposes of both selecting supervisors and upgrading personnel. 


Use or RatTING IN CONNECTION WITH SELECTION 


Merit rating has been found to be valuable also in selecting and 
placing employees. This application involves the use of merit 
rating to select from among present employees those who are 
most competent in doing the type of work for which new employ- 
ees are sought. The persons selected as having the requisites 
sought in new workers are given various tests and the scores they 
achieve are calculated. The tests on which the scores are highest 
are used for testing new applicants. The results reveal which 
applicants have similar qualities to the employees found already 
to be satisfactory and, therefore, are most likely to succeed when 
hired. 


More INTELLIGENT Use OF MERIT-RATING INFORMATION 


In many organizations merit rating has been regarded since its 
inception as a tool of dismissal and any information uncovered 
about various employees has been kept secret. As merit rating 
has come into wider use, its real applications have been recognized 
and encouraged; these are: 


1 The uncovering of individual weaknesses and use of rating 
results to help individuals to correct them. 


2 The use of the results to select persons for upgrading and 
transfer. 


3 To guide training programs. When persons are rated and 
their weaknesses known, they can be told just what steps should 
be taken to improve their competence and work status. 


4 Forcing of supervisors to study men. Those who do the 
rating must study the men they rate carefully. This in itself is 
excellent because it requires supervisors to study their men care- 
fully. In this way they come to know their employees better and 
they themselves become better supervisors. 


TraADE ASSOCIATION ACTIVITY IN DEVELOPING 
Ratine SysTeMs 


Just as the development and promotion of job evaluation has 
become a major function of some trade associations, merit-rating 
systems have been developed to be used in conjunction with the 
job-evaluation plans. In this respect, rating systems which have 
application over a wide number of companies have come into exist- 
ence. The work of trade associations in this connection is mak- 
ing a worth-while contribution to the field of man-rating literature 
and practice. 


DEVELOPMENT OF MERIT-RATING SPECIALISTS 


Just as in the case of job evaluation, a number of persons are 
now devoting their full attention to the development and instal- 
lation of merit-rating systems. Some of these persons are pro- 
fessional consultants and others are individual staff members of 
organizations where merit-rating plans are in operation. Their 
research and experience cannot fail to enhance the uses to which 
merit rating can be put during years to come. Many have made 
already marked contributions to techniques and it is to be ex- 
pected that their work in this direction will continue. 
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Wage Plans 


By J. M. JURAN,* WASHINGTON, D. C. 
SUMMARY 


During the past decade, one development, that of participation 
by labor unions, has towered over all other considerations in the 
development of wage plans. While there have been local in- 
stances in which union pressures or management resistances have 
yielded distorted wage plans, the broad effect of labor-union par- 
ticipation has been to accelerate the adoption of improved and 
more sound methods of wage and salary determination. 

There is reason to believe that this wave of adoption of im- 
proved methods will continue for some time tocome. There is, 
however, a strong possibility that continued and unbalanced 
union pressure may result in the forced adoption, on a broad 
scale, of wage plans whose scientific aspects are twisted out of 
shape to meet the pattern of compromise. 


HE last decade will long be remembered by managers, 

personnel men, and wage-practice engineers as the decade 

in which the earlier pattern of techniques of wage deter- 
mination had to open up wide to receive a new and potent 
variable—that of collective bargaining. This new variable was 
productive of considerable confusion in the ranks of management. 
A new variable suddenly injected into the laws of gravity or into 
the laws of friction would require some nimble footwork on the 
part of engineers and designers to adjust to the new variable. 
Union participation in wage plans was no less a problem for the 
wage-determination enginecrs. 

The attack took place along all fronts—time studies, piece 
rates, job evaluation, merit rating, etc. As the National Labor 
Relations Board and the courts clarified the National Labor Re- 
lations Act, it became apparent that this entire subject matter 
fell within the collective-bargaining area. This legal status of 
the wage question automatically brought out of the confidential 
files of the various companies the details of their wage-deter- 
mination techniques. Those companies which operated with 
rudimentary plans or with no plans at all were caught flat-footed. 
Even those companies which had earnestly studied the problem 
found a necessity for drastic adjustment because of the new vari- 
able. 

The greatest problem was presented by the fact that these two 
forces, the union and management, operated on unlike principles 
without knowing that their principles were unlike. “It is this 
basic difference which has left managers and labor leaders groping 
about like two players on the same board, one using checkers and 
the other using chess pieces, and each astonished at the unortho- 
dox moves being made by his opponent.’’*¢ 

To the union, which operated toward the objective that em- 
ployees should get a greater share of the fruits of industry, it was 
perfectly consistent to seize on any device which approached that 
objective. For example, lean piece rates were dragged out into 
the open to be raised, but the cutting of fat piece rates was re- 
sisted vigorously. This was consistent with the prime union ob- 
jective, but decidedly inconsistent with the management objective 
of making the earning power of piece rates uniform. True, the 
unions likewise wanted uniform piece rates, but this and all other 
objectives were subordinated by them to the prime objective of 
getting for their members a larger share of the fruits of industry. 


35 On leave of absence from Western Electric Company to serve as 
Assistant Administrator, Lend-Lease Administration. Mem. A.S.M.E. 

Review of Book, Dynamics of Industrial Democracy,” 
Mechanical Engineering, vol. 64, 1942, p. 624. 
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EXTENT OF PIECEWORK 


The early thirties found a tendency in some industries, notably 
the automobile industry, to abandon piecework and to go to 
some form of measured daywork. It would be an over simplifi- 
cation to find some one reason for this. There were many fac- 
tors, some of which were as follows: 


1 The desire to cut overhead caused managers to re-examine 
the man-hours being spent in rate setting, in computing piece- 
work earnings, and in auditing the piecework system. 

2 The dangers that output would fall after piecework was 
abandoned was minimized by the prevailing low level of employ- 
ment. 

3 The drastic layoff had made managements strain to mini- 
mize further layoff, even if this meant tolerating lower levels of 
output. 

4 The volume of production dropped in many cases below the 
point where establishment and maintenance of piece rates was 
profitable. 


While the evidence is conflicting, it would seem that a trend 
toward more piecework was resumed as schedules went up. 
There appears to be no basis for assuming that piecework had 
been found lacking, on technical grounds, as a good means for in- 
centives to employees. 


ADEQUACY OF Prece Rates 


The whole problem of low earning and unequal piece rates 
stood out in unfortunate relief when collective bargaining turned 
a spotlight on one of the corners management had traditionally 
kept in the deepest darkness. Managers were suddenly called on 
to defend piece rates of very long standing, as well as piece rates 
established by methods which had for years been only as good as 
the conscience and fortitude of neglected piece-rates departments. 
The question of ‘‘how accurate can rates be set” came up for vig- 
orous examination. 

The problems of adequacy of piece rates resolved themselves 
generally into: 


1 Minimum earnings. 

2 Accuracy of piece rates. 

3 Uniformity of piece rates. 

4 Guarantee against cutting piece rates. 


MinimuM EARNINGS 


This problem may be broadly stated as one involving the prin- 
ciple that whatever may be the figured earnings of the employee, 
he should in no case receive less than a stated minimum rate, this 
generally being known as the base rate. Many companies for 
years had such a principle in effect. Through the combined 
pressure of the Wage and Hour Laws and the unions, there was a 
universal adoption of the principle. 


AccuRACY OF Piece Rates 
The normal process of establishing a piece rate involves: 


1 Setting the job up as it ought to run. 

2 Timing one or more appropriately selected operators. 

3 Adjusting the time study to normal operating conditions 
and to the pace of an “average experienced operator” (or what- 
ever words are used to describe the standard operator). 


This last step always involves estimating the extent to which 
the operator under observation deviates from the standard, and 
this estimate is the most important single variable in the piece 
rate—more important than all the others put together.*?7 The 


37 See Progress Report of Committee on Rating of Time Studies, 
Advanced Management, vol. 6, no. 3, July-September, 1941, p. 110. 
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JURAN—WAGE PLANS 


estimate is a very complicated one and, under existing methods, 
involves at best a “standard error” of about 7 per cent.** 

The idea that a third of the piece rates can deviate from the 
“standard” by more than 7 per cent appears to concern the time 
study engineers more than it does the unions. The engineers are 
concerned because there have been many claims about piece rates 
being set within 3 per cent, 5 per cent, etc., of each other. There 
are no published data to substantiate any such claims—in fact 
there are precious little data of any kind published on the sub- 
ject. 

In the over-all view there appears to be no real reason for alarm. 
In F. W. Taylor’s day, the going rate of output of operators was 
very low, and the piece rates established required levels of output 
twice, or several times the going daywork output.*® If in one 
generation we have developed methods which have cut this error 
of 100 per cent, 200 per cent, etc., to one tenth of its former value, 
it is not a poor performance. What is unfortunate is the absence 
of publishéd data on what is the accuracy of the prevailing meth- 
ods. There is great need for publication of data on this very 
point. If the engineers do not supply them, the unions will, and will 
thereby put the engineers on the defensive. F. W. Taylor him- 
self overstated the attainable accuracy on this point,‘° and union 
leaders have for years made his comments a target. 


UnrrorMity OF Piece RaTEs 


Uniformity of piece rates is closely allied to the problem of 
accuracy, but has many practical offshoots. One difficulty is 
that there are several perfectly sound principles which can never- 
theless conflict with each other in this area. For example, an old 
and active piece rate for machining part A may be too fat. A 
new piece rate for machining part B (a new part) may be admit- 
tedly a fair rate. Yet the machining operations on these parts 
may be identical—in fact the same operator may work on both 
jobs. The union will urge that the piece rate for part B be fat- 
tened up to be equal to that part for A. In the management’s 
view, this will accomplish uniformity by making the rates uni- 
formly wrong. 

The attainment of uniform piece rates depends on: 


1 The precision of the rate-setting techniques; the elements 
can be no more uniform than the precision of the mechanism 
which produces them. 

2 The maintenance of the piece rates; constant changes in 
operations will make the rates obsolete unless the changes are in- 
corporated into the piece rates. 

3 The establishment of new rates to the standard, flexible 
though the present methods of setting standards may be, rather 
than by comparison with rates not at standard. This procedure 
avoids pyramiding errors but runs into the problem of guarantee 
of piece rates. 


On the whole, it must be said that the problem of uniformity of 
piece rates has not yet been fully aired. The nub of the problem 
is the precision of the present rate-setting techniques. Until 
this factor is given a thorough going over in the engineering labo- 
ratories and in the literature, there is little hope for any improve- 
ment on a broad front. 


GUARANTEE OF Piece Rates 
The phrase “We guarantee our piece rates” is about as mean- 


8 ‘Time and Motion Study Cross-Examines Itself,’’ by J. M. Juran, 
Unpublished paper delivered at meeting of New York Chapter of 
Society for Advancement of Management, Feb. 15, 1940. 

* “The Principles of Scientific Management,”’ by F. W. Taylor, 
pp. 47, 71, 81, and 95. 

” “Life of Frederick W. Taylor,’ by Frank B. Copley, vol. 2, p. 
2 quoting the Bulletin of the Taylor Society, vol. 1, no. 1, Dec., 1914, 
p. 3. 
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ingless as the phrase ‘“These shoes are guaranteed.” To be mean- 
ingful, there must be defined: 


1 What is it that is being guaranteed. 
2 Who is guaranteeing it to whom. 
3 What terminates the guarantee. 


Wuart Is Ir Tuat Is Bering GuARANTEED? 
The possible differences in the subject matter of the guarantee 
can best be explained by an example (much simplified): 


Element no Standard time 


1 0.05 Min 
2 0.40 Min 
3 0.15 Min 
4 0.10 Min 
5 0.30 Min 
Total 1.00 Min 


Time rate = 60 pieces per hour, for which 25 per cent incentive 
is paid. 

Base rate of pay = 80 cents per hour, so that for doing 60 
pieces per hour, the employee will be paid 1.25 X $0.80 = $1.00 
per hour. 

Now, does the guarantee apply to the $1.00 per hour, to the 
1.00 minutes per piece, or to each and every standard time for 
each element? Unless this and related questions can be an- 
swered, the parties do not understand the guarantee. 


Wuo ARE THE PARTIES TO THE GUARANTEE? 


To follow out the foregoing example, employee no. 1 starts to 
work with the understanding that so long as the method of as- 
sembling product A remains unchanged, so long will he be credited 
with one hour of work for every 60 assemblies. Now clearly this 
means that tomorrow, and the next day, ete., employee no. 1 
must continue to be so credited. 

However, tomorrow, employee No. 2 (long an employee in the 
same department) starts on this job. Does the guarantee hold as 
to him if the piece rate has meanwhile been found to be in error? 
How about employee no. 3, a brand-new employee who never 
heard of the company at the time the piece rate is established— 
was he a party to the guarantee? Is the guarantee between the 
company and the union? Again, unless questions such as these 
can be clearly answered, the understanding is confused. 


DURATION OF THE GUARANTEE 


Finally, there is the question of the duration of the guarantee. 
Is it for a limited time, or is it in the nature of a truce, or is it 
“fas long as the method does not change.”’ This last is much more 
complex than appears at the first sight. Going back to the ex- 
ample of the 5 elements, if one of these elements and no other is 
changed, then is the guarantee terminated? 


SuMMARY ON GUARANTEE OF Piece Rates 


The foregoing considerations must make it abundantly clear 
that understanding of fundamentals is today quite essential to 
administration of a piecework system. Questions such as just 
stated have always been present, but until the unions were able 
to ask their questions with their new-found articulation, the man- 
agements were never called upon to answer them with directness. 
In being called upon to make these answers, the managements 
themselves learned much about the problem. 


Jos EVALUATION AND Merit Ratina 


These techniques are fully described by Dean Asa S. Knowles 
in another section of this ten-year report. It remains in this 
connection only to point out that these techniques are within the 
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collective-bargaining area, and that accordingly managements 
must use plans which are on their face reasonable. Many of 
the estimates in these plans are necessarily quite arbitrary, and 
in such zones the union can claim as much voice as does the 
management. Until means are found for making these esti- 
mates more precise, there seems little to be gained by adopting a 
doctrinaire attitude which says in effect that only management 
is qualified to make these estimates, 


WAGE AND SaLary SuRVBYsS 


The growing usage of “prevailing wages’’ in collective-bar- 
gaining contracts, in legislation, and in translating the scale of job 
evaluation into dollars, has led to much development of the tech- 
nique of conducting market surveys of wages and salaries. For- 
tunately there have been valuable contributions to the literature 
in this field. 

The flexibility present because of sampling errors and because 
of foggy techniques has permitted unions and managements to 
arrive at different conclusions in the same labor market, or even 
in the same wage survey. To date there are still a number of 
practical obstacles to joint union-management wage surveys, 
though there have been instances of such collaboration. In 
some instances wage and salary surveys are made by trade 
associations, such as the National Electrical Manufacturers 
Association, or the National Metal Trades Association. In 
cases where the union is very large and powerful, while the 
employers are small individually, the prevailing wages may in a 
large measure be surveyed by the union’s engineers. Interna- 
tional Ladies’ Garment Workers Union is a case in point. 


Cost-or-Livinc ADJUSTMENT 


The fact that wages generally all rise together or all fall to- 
gether provides a means for managements to secure a relatively 
constant proportion of labor in the cost dollar, while at the same 
time offering to the unions a means for keeping real wages con- 
stant. During the last decade managements grew quite willing 
to adopt this principle, but the unions took the view that real 
wages were not high enough, and that they (the unions) did not 
want to freeze real wages at so low a level. The coming of the 
war with the possibility of a reduced standard of living for all, 
has caused the unions to re-examine their position and to argue 
for increases in pay on the ground that cost of living has gone up. 


ProFIT SHARING AND OTHER Bonus PLANS 


The last decade has brought no outstanding development in 
the field of profit sharing and bonus plans. Some old plans 
have been abandoned, and some new ones have been begun, 
but there is no evidence of a trend here. However, the federal 
wartime income-tax policy has made it inexpensive for companies 
to pay bonuses. If 90 cents of the excess-profit dollar goes to the 
government anyway, why not stimulate performance by liberal 
bonuses? This practice has gone on apace subject only to keep- 
ing within reasonable bounds lest the U. S. Treasury Department 
declare the system out of bounds. 


GUARANTEED ANNUAL INCOME 


The depression of the early thirties and the ‘‘recession’’ of 1937 
stimulated the consideration of means for guaranteeing income to 
employees. The problem of guaranteeing income is closely 
allied with the problem of guaranteeing employment, and in 
turn guaranteeing sales volume. Much progress was made in 
determining how seasonal fluctuations in sales could, through 
good planning, through diversification, and through use of vari- 
able stock piles, be ironed out into a relatively constant manu- 
facturing load. 

These adjustments, while distinctly easing the burden on 
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specific industries, nevertheless did not go to the root of the 
problem—national unemployment. Furthermore, the feature 
of guaranteed employment for those already employed tended 
to raise problems of guaranteed unemployment for those already 
unemployed. 

It would be unrealistic to say that these plans of guaranteed 
income or guaranteed employment have to date any more than 
dented the basic problem of national unemployment. 


TENDENCY TO OVERSTRESS IMPORTANCE OF TECHNIQUES 


It is well to close this discussion of “Wage Plans During 1932- 
1942” by calling specific attention to the inadequacy of tech- 
niques per se as a means of solving differences in fundamentals. 
The big change of this decade was the broad-scale adoption of 
collective bargaining as a force in industrial relations. Such 
being the case, no amount of twisting and adjusting of techniques 
designed for other systems of industrial relations could be of any 
avail. Perhaps of greater consequence was the lack of-realism— 
the failure to see or to believe that the National Labor Relations 
Act meant what its words said. 

In any event there is now an opportunity, during the truce 
forced by the war, for unions and managements to endeavor to 
agree on fundamentals. To the extent that they do so, the strains 
within the industrial system will be relieved. To the extent 
that they fail, the unions and managements of:tomorrow will 
continue to go through needless strife to develop the fundamentals 
which must precede any true agreement. 


Pians DourinG THE DecaDE TO ComME 


The probability that labor unionism has not yet attained its 
full growth would seem offhand to suggest that we will have 
“more of the same” during the next decade. Clearly, there is 
great likelihood that the unions will gain rather than lose ground, 
and that they will accordingly increase their stature at the bar- 
gaining table. Yet even if this view is borne out by the events 
of the next decade, it must be noted that the unions themselves 
will be confronted with new variables which will have a great 
bearing on wage plans. 

Because of favorable circumstances, and through vigorous 
leadership, labor has substantially increased its proportion of the 
national income. This increase in proportion must in time come 
to a halt, even if this means getting it all. When the halt is 
achieved, two problems already confronting the labor leaders will 
become problems of the first order of magnitude: 

1 Members of the unions will press the union leaders for 
redistribution of labor’s fixed share among themselves. 

2 Under conditions of a fixed proportion of the national 
income, any increase in standard of living will be possible only 
by increasing the national income itself. 

In this way the union leaders, bearing the direct brunt of em- 
ployee pressures, will have a foremost concern in the problem of 
equal pay for equal work, and in increasing productivity. It re- 
mains to be seen how they will rise to the occasion. 


A History of the Man 


Situation 


By C. G. MARCY“ anv M. M, BORING, 
SCHENECTADY, N. Y. 


OR many years industry operated under conditions that 

DK cste the recruiting of help relatively simple. Labor of 
all kinds was plentiful. Employment offices had on file 

41 Engineering General Department, General Electric Company. 


42 Supervisor of Personnel, Schenectady Works, General Electric 
Company. 
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large reserves of applications of skilled, semiskilled, and un- 
skilled men and women seeking work. Kmployment was a 
matter of selection rather than recruiting. If an employer 
needed a toolmaker he either called back to work a former em- 
ployee whose abilities were well known to him or he perused his 
file of applications, selected a number of the most promising ones, 
sent for them, and then hired the one he considered best qualified. 

Technical graduates were plentiful and colleges were con- 
tacted in an orderly, systematic way. Seniors were interviewed 
and employed with great care—each company representative 
carefully selecting men who seemed to have characteristics which 
fitted them for particular jobs available. 

UNPRECEDENTED NEED FOR WORKERS 

It is obvious that when the nation is engaged in the most 
gigantic production program of all time—when it is estimated 
that 20 million war workers will be needed next year as compared 
with 7 million last year and perhaps only a million in 1940— 
recruiting and selection procedures and techniques must undergo 
substantial changes from the simple process described. 

This tremendous force of workers must be recruited and trained 
in the face of the withdrawal from civilian pursuits of from 10 to 
13 million fighting men. The manpower shortage will be further 
accentuated by the need for greater agricultural production in 
order that the fighting forces and the civilian population of the 
United Nations may be adequately fed. 

In 1939 when the nation was coming out of the recession of 
1938, further impetus was given the expanding industrial activity 
by the onset of the European War. A defense program was 
launched in America and it was not long until the reserves of 
skilled labor were exhausted and industrial and economic prophets 
foretold impending shortages of manpower. 

Many employers, anticipating their needs for help, advertised 
for it widely—sent labor scouts into industrial areas seeking men 
who might be encouraged to leave their present employers for 
better opportunities elsewhere. For a time these efforts were 
conducted on a dignified and reasonable basis, and avoided 
approaching employers of other defense industries. Later, as 
the need for men became more urgent, many enthusiastic em- 
ployers, in their desperation, resorted to unethical practices and 
enticed workers away from their jobs with little regard for the 
importance of the work they were on and without consideration 
of the detriment that their removal might be to the war-produc- 
tion program. This practice of unethical employment procedure 
is referred to as pirating or scamping. 

The elimination of labor pirating is considered essential to the 
war-production program by the War Manpower Commission, the 
United States Employment Service, and the War Production 
Board, all of whom are working in co-operation with industrial 
leaders to curb the practice voluntarily. 


Rapip GrowTH OF TRAINING PROGRAMS 


As manpower shortages became more and more evident, 
manufacturers and educational authorities alike began to acceler- 
ate their training programs by setting up short training courses 
designed to train individuals in special skills that might be uti- 
lized to advantage in well-planned manufacturing processes. 
High schools, vocational and trade schools encouraged people to 
take courses in machine-shop practice, blueprint reading, pre- 
cision measurements, etc. Employers established vestibule 
training courses to teach machine-tool operation to many of their 
employees capable of upgrading. Highly skilled all-round 
mechanics were used as instructors, leaders, or set-up men to 
utilize these new, superficially trained men to the best advantage. 

The results obtained by the use of these quickly trained men 
on close-tolerance work has been amazing. This development 
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could not have been brought about without good planning by 
competent engineers in breaking down jobs into simple elements, 
or without the wholehearted co-operation of a nucleus of skilled 
men who have helped impart some of their skill to the newcomers 
in the shop. 

The United States Employment Service has assisted greatly 
in the selection of recruits for training in vocational and trade 
schools and in special defense schools set up for the purpose in 
connection with colleges and secondary schools. 

The establishment of the E.S.M.W.T. program in the tech- 
nical schools provided a large number of new semitechnically 
trained workers, which greatly augmented the dwindling supply 
of draftsmen and engineers. The upgrading of such people was 
greatly stimulated as the need for this group expanded. 

Various government agencies were established to find and 
bring to the war industries large numbers of technical people who 
had left engineering and science jobs during the depression years, 
and the refresher courses in the colleges were of tremendous aid 
in again making these people effective. 


REQUIREMENT FOR Proor oF CITIZENSHIP 


Until a few years ago employers paid little attention to citizen- 
ship, except to provide a space on their application blanks for 
recording it. Apparently the only use made of the information 
was for statistical purposes. Legislation was passed in 1926 
requiring that only U. 8S. citizens be permitted to work upon or 
have access to certain classes of contracts for the armed forces. 
Provision was made, however, for special permission to be granted 
for the employment of aliens in particularly meritorious cases, 
Many employers referred to their records and if these records 
indicated U. S. citizenship for employees engaged on these con- 
tracts they assumed that they were in full compliance with the 
regulations and were not greatly concerned further with the 
matter. 

As the requirements of the government for war goods became 
more urgent and as manufacturers accepted more and more de- 
fense and war contracts, personnel men began to require proof of 
citizenship for new employees. When it developed that such 
evidence in many cases was obtainable only with considerable 
difficulty and that many who thought or represented themselves 
to be citizens were found to be aliens upon examination of the 
evidence, these personnel men in conjunction with government 
authorities went a step farther and required proof of citizenship 
of present employees. ' 

These new requirements caused a tremendous demand for 
birth certificates. Bureaus of vital statistics had to enlarge 
their forces, and even then delays were experienced. Thousands 
of prospective employees were born before vital statistics were 
kept with the care that they are now, which meant that these 
people had to find other evidence to prove their citizenship. 
Infant baptismal certificates, statements from physicians who 
attended at birth, affidavits of parents or older relatives, old 
census records, family Bibles and other family records were 
relied upon to convince employers that those who presented 
them were U.S. citizens. Bureaus of vital statistics set up proce- 
dures whereby citizens for whom no record of birth had been 
made could obtain a delayed birth certificate following the pres- 
entation of sufficient corroborating evidence indicating the 
place and date of birth. Almost invariably it is easier for a 
foreign-born individual who has been naturalized to demonstrate 
his citizenship than it is for a native-born citizen, particularly if 
beyond middle age. 

More recently, because many capable men and women found 
it impossible to obtain employment in war industries through 
lack of adequate proof of citizenship, the government set up a 
procedure whereby such people could declare themselves citizens 
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in the presence of Army or Navy procurement officers. Ob- 
viously this procedure must be surrounded by safeguards to 
prevent its abuse and good presumptive evidence should be avail- 
able before resorting to its use. It does provide a way, however, 
for many competent workmen to obtain employment on war 
projects who may be qualified in every respect and who are in 
fact citizens but are unable to present documentary evidence to 
prove it. 
NEED FOR ENGINEERS 

As the need for engineers in the armed forces increased, various 
branches of the Army, Navy, civil service, and other govern- 
mental agencies began to compete with war industries for men in 
the colleges. The various reserve plans were established, and 
pressure was brought to bear to bring to the armed forces a large 
portion of the young undergraduate engineers in the colleges. 
It became apparent early in 1942 that the normal supply of en- 
gineering graduates was reduced to an insignificant number. A 
few physically handicapped young men and a small number of 
older men, who by their vocations had not used their engineering 
for many years, comprised the only supply. 

Many older men were so out of date that it would have taken 
much training and considerable time before their engineering 
could be very effective. Many of these people who held lucra- 
tive positions in the past had difficulty in adjusting themselves to 
the point where they could accept pay commensurate to the 
jobs they were fitted to do in the war effort. 

Naturally with the increasing acuteness of the manpower situa- 
tion, employers abandon some of their traditional standards for 
prospective employees. They find that physically handicapped 
people can be used to advantage. By exercising some ingenuity 
they can modify some of their jobs in order that individuals with 
physical handicaps can perform them acceptably. Examining 
physicians are guided by the necessity of determining what kind 
of job a man can do. In wartime rejections are made only 
for physical limitations that make it unsafe or inadvisable for the 
individual having them to be employed. Today many em- 
ployers look upon moderate physical handicaps as assets in pros- 
pective employees for they feel that they will not be so liable to 
be called for military duty. 


EMPLOYMENT OF OLDER PERSONS 


There is a trend toward the employment of older people as the 
labor shortage becomes more stringent. Some latent skills and 
aptitudes have been rediscovered by this process and many em- 
ployers are finding that these people have a seriousness of purpose 
and a degree of dependability that offsets to some extent their 
reduced physical vigor. 

During periods of labor surplus, employers may set up stand- 
ards for education and training that may not be fully justified by 
the requirements of the job, but because better trained people are 
available, they get the jobs. Now that labor is scarce, many 
employers are not so particular about requiring high-school 
graduates for messengers, clerks, typists, and similar jobs. 

It must be acknowledged that industry—and by industry we 
mean the employee group as much if not more than manage- 
ment has been reluctant to accept certain minority racial 
groups into the industrial family. Considerable progress has 
been made toward modification of this attitude and substantial 
sources of manpower are thereby becoming available. 


WoMEN THE GREATEST SOURCE OF POTENTIAL WORKERS 


The greatest source from which new workers in industry may 
be recruited is the women of the nation. It has been amply 
demonstrated in England that women can do many things 
American industrialists have thought it impossible for them to do. 
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It is inevitable that as more men are drawn into military service, 

their places must be filled to a great extent by women. To make 
the adjustment successfully, women must be trained in short 
training courses and by providing competent instructors for on- 
the-job training. Many employers have already made con- 
siderable progress in substituting women for men on many types 
of shop work such as machine-tool operation, assembly , welding, 
wiring, riveting, crane operation, etc. In general, on these jobs 
the principle of equal pay for equal work is recognized. More 
employers are getting under way with such programs now, and it 
is anticipated that as the military branches of the government 
call the young manhood of America into the Service, the woman- 
hood of America will rise to the situation and play a most vital 
part in supplying the mechanized equipment that is so necessary 
in the successful prosecution of the war. 

There has never been a supply of technically trained women, 
however, and the adjustment necessary to replace fully trained 
engineers by women is extremely difficult. The nearest approach 
to such a reservoir of womanpower has been that small group of 
college women trained in abstract mathematics and science. 
Educationally, these people are at best only at the sophomore 
level and also they completely lack the mechanical sense found in 
boys and young men. They cannot attain in a short time the 
full engineering understanding so needed under war conditions. 

However, the breaking down of jobs and the continuous shift- 
ing of trained engineers has made a real place for these women. 
Their eagerness of purpose and their willingness to study give 
them ample opportunity to develop technical skill to a remarka- 
ble degree. 

The long period of depressed conditions immediately preceding 
the war, during which time all types of training were retarded, 
has greatly reduced the supply of all skilled people. The pro- 
gressive steps from depression and national defense to war has 
caused great difficulty. These steps naturally led to elaborate 
expenditures of time and money in training young men who 
were called to the armed forces about the time they became 
effective in production. This training was lost to industry and 
now the job must be done over again by the training of women 
whose usefulness we did not before recognize and still must cause 
much readjustment. The nation must use this womanpower, 
the older men, and the physically handicapped, however. It is 
imperative to keep the production machine rolling to supply our 
armed forces and the armed forces of our Allies to the extent that 
by all pulling together the war may be brought to a successful 
and more rapid conclusion. 


Labor Relations in Evolution 
By W. R. BURROWS, *« SCHENECTADY, N. Y. 


HE war has brought new problems for both management 

and labor and, although the top representatives of the two 

major unions have agreed that there shall be no strikes dur- 
ing the war, this agreement is not always taken seriously by the 
officers of militant locals. As much care has to be exercised in 
handling labor relations in the industrial plant as before Pearl 
Harbor. 


Destructive Resuits or INDUSTRIAL STRIFE 


A strike represents a collision on the road of industrial progress, 
a collision caused by two groups going in the same direction, 
where the effort of one to beat the other forces both off the road, 
to their mutual disaster. Usually both are at fault, the one for 


43 Vice-President in Charge of Manufacturing, General Electric 
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recklessly trying to get ahead and the other for not veering off a 
little in compromise, even though he knew he was within his 
rights. 

No car drivers deliberately court accidents, and neither do 
labor and management purposely set the stage for an industrial 
battle. But at the time when the trouble occurs at least one 
party has gone out of bounds, and the other, in spite of the 
danger, often holds to his course as a matter of maintaining his 
rights, or of forcing the aggressor back into place. Neither cares 
particularly at the time what happens to the other and neither 
counts the losses or the effect on the general public. 

Strikes can best be prevented by methods like those used to 
reduce traffic accidents. The two factors are to observe normal 
safety precautions and to become “safety conscious.” If each 
party carefully refrains from the acts most likely to aggravate 
the other, and both are on the alert to prevent occurrences which 
may injure one another, there is far less danger that some un- 
fortunate event will happen to run them off into the ditch. 


No REASON FOR MANAGEMENT AND WORKERS TO COLLIDE 


Generally speaking, under democracy in industry there is no 
reason why the interests of management and workers should 
collide. Management does not go out deliberately to exploit 
the worker, and labor does not maliciously plan to scuttle 
management. It is usually some misunderstood situation or 
some unpremeditated act which plunges both into conflict. 
Neither side is intentionally selfish but both often guard their 
rights so jealously that neither can see the disputed point in the 
light of the other. 

The past history of labor relations is filled with such misunder- 
standings. When the factory owner had full power to deter- 
mine hours of work, wage rates, working conditions, and other 
terms of employment the worker had no guarantee of fair dealing 
if the employer chose to be arbitrary and exacting. If the bar- 
gain was one-sided in favor of the employer, the worker knew he 
had been exploited and the injustice was an affront to his per- 
sonal liberty. This is why he was aroused to fight for his rights, 
even to the extent of violence, bloodshed, and destruction of 
property. 

Economie progress and technical improvements in time 
brought about better hours, wages, and working conditions for 
workers but in many cases not any improvements in employer- 
employee relations. It is true that forthright managements took 
a broad view of their responsibilities and realized that, besides 
their obligations to stockholders, they had a trust to discharge 
toward their employees and the public. The more discerning 
and better-balanced labor leaders, likewise, saw that nothing was 
to be gained by constant agitation against management, and 
found that public support fell away when labor demands were 
unreasonable or in conflict with national interests. But there 
were still those in both camps who stood obstinately on their 
rights, or used their existing powers to force through measures 
which were to their own distinct advantage, even though unfair 
to the other. 


Wuy Srrikes WERE Not ALARMING IN THE 1920’s 


During the prosperous years between 1922 and 1929, both 
labor and capital benefited by the good times; jobs were plentiful, 
wages were reasonably high, dividends were generous, and stock 
values pyramided. Aside from the efforts of some managements 


to circumvent the labor movement, and the arbitrary attempts 
by some organized groups of workers to boost wages, restrict 
output, and exert union pressure to obtain concessions there 
were no really violent disturbances. 
discontented with current conditions. 


Neither side could be too 


BURROWS—LABOR RELATIONS IN EVOLUTION 


Basis For LABOR UNREST IN THE Past DECADE 


When the severe depression broke in the 1930’s, however, and 
the national income was cut to less than half, 17,000,000 workers, 
or more than one third of the employable persons in the United 
States, were out of jobs. Stocks dropped to unheard-of lows and 
dividends turned to deficits. A struggle for self-preservation 
broke out between capital and labor. National legislation was 
passed mainly with the idea of protecting those victims of the 
crash who had the lesser resources upon which to draw. At the 
same time that economic pools were established by the govern- 
ment to alleviate misfortunes, social legislation was enacted 
partly to provide measures for greater security of individuals and 
partly to bring about certain reforms according to the more 
radical ideas of some of the proponents of the legislation. 


LaBor LEGISLATION OF THE 1930’s 


There were several labor Acts put into effect. The first was 
the National Labor Relations Act, which guaranteed to workers 
the right to bargain collectively without restriction by the 
employer, and prevented the employer from functioning in any 
way in the setting up or operation of whatever kinds of labor 
organizations his employees chose to establish for the purpose of 
dealing with him on questions of wages, hours, working condi- 
tions, and all other matters Goncerned with employee relations. 

A second measure was the Walsh-Healey Act which guaranteed 
to workers in companies holding government contracts of 
$10,000 or over the maintenance of fair labor standards as 
practiced in the industry at large in matters of pay and hours of 
work. 

A third enactment was the Fair Labor Standards Act (Wage- 
Hour Act) which established for all but certain excepted busi- 
nesses and occupations minimum hourly rates of pay (now 30 
cents) and maximum normal working hours per week (now 40), 
requiring time-and-a-half rates for all hours above the established 
normal number. 

This legislation, in spite of certain defects which have arisen 
largely from somewhat extreme regulations and interpretations 
in applying various provisions of the Acts, represented only what 
companies leading in the development and practice of good labor 
relations had already set as equitable standards. Just as factory 
laws previously passed in the various states to govern fire pro- 
tection, safety, sanitation, and similar matters involving public 
welfare had compelled lagging companies to provide facilities of 
this kind on a par with those already existing in the better- 
managed plants, so the enactment of labor laws, in effect, raised 
the level of fair standards for all companies to those of pro- 
gressive organizations which had clearly seen that whatever 
benefits labor, by and large, also reacts to the advantage of 
employers. In other words, factory legislation in the states had 
set a “floor” or minimum below which no manufacturer was 
allowed to go, thereby protecting the humanitarian employer 
from the cut-throat competition of the ruthless employer who 
lowered his costs by abuse of his workers. National labor 
legislation, in the same manner, set standards or floors above 
which all employers were required to measure, so that manage- 

ments which were maintaining fair con itions for their workers 
would not suffer from the inroads of competitors whose profits 
resulted from the low wages and long hours of their workers. 


MANAGEMENT’S MisTAKES Prior To 1932 


Where many managements made a serious mistake in the 
ten years prior to 1932 was in the failure to deal with workers 
on an honest and equitable basis under the less coercive and more 
friendly atmosphere of the smaller local labor groups. In many 
industrial areas, during those years, progressive managers be- 
came well acquainted with union organizers and were able to 
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help them with their own managerial problems in the formative 
years of the union. Through this contact these plants gained 
experience in analyzing employee-relations problems, so that they 
were able to train members of their staffs in the fundamentals and 
mechanisms of handling grievances, planning for labor co-oper- 
ation, and all the other constructive features of up-to-date per- 
sonnel practices. 

On the contrary, plants in which the managers took a highly 
individualistic attitude and set up an entirely wrong conception 
of responsible unionism, fell into the error of prejudiced antago- 
nism, and gave opposition instead of offering co-operation to a 
movement which could not be put down. Other managers were 
unwilling to go through the long period required to educate mem- 
bers of their organization in the new attitudes and practices 
required in dealing with unions of a national extent. 


Deauine Wits Unions DurinG THE Past TEN YEARS 


Unionization of plants during the past ten years has been 
highly educational to management. By meeting together 
periodically to discuss mutual relationships, the representatives 
of management and of labor—the latter mainly workers in the 
respective plants—have learned much from one another. Out 
of such contacts has come a broader understanding of what is 
required to establish and maintain a satisfactory and mutually 
beneficial relationship. 

One of the primary fundamentals for successful labor relations 
is the realization by management that it is responsible for making 
contractual relations successful. A written contract should be 
set up specifying working conditions, machinery for handling 
grievances, methods of making decisions, and provisions for 
modifying contracts. The procedure for adjusting grievances is 
especially important. In the General Electric Company, 95 
per cent of all grievances are handled by the foreman. All ques- 
tions, however, can go to the top. One of the General Electric 
vice-presidents, for example, settled a request for a two-cent an 
hour increase. 

It is essential that management establish friendly relations with 
union executives and representatives. All dealings, moreover, 
should be conducted in a straightforward manner and without 
loss of temper. In addition, it is vital to have a factual basis 
upon which to act. Hence the management should be willing 
to furnish data to union representatives. Otherwise unreason- 
able demands may be filed, and these are sometimes most difficult 
to adjust. 

During the past ten years, also, as one of the results of unioni- 
zation, management has been aroused to the need of training 
foremen and supervisors. The foreman has grasped a new con- 
ception of his job—that of not merely getting out production, 
but also of representing management and taking care of labor 
relations within his department. Some instruction in industrial 
psychology and special training in methods of handling labor 
problems and grievances are most useful adjuncts to his prepa- 
ration for such responsibilities. In addition, since he is con- 
cerned with the training of workers under his direction, the 
foreman is greatly helped by intensive courses in methods of 
teaching workers how to do their jobs. 

As an example of what may be done to aid good labor relations, 
one of the plant studies in the General Electric Company covered 
an investigation as to why some workers failed to earn good wages 
under piece rates. It was found that one man who had fallen 
steadily below standard had defective vision. Proper glasses 
corrected his poor vision, increased his earnings, and improved his 
whole attitude toward his job and himself. 


PRINCIPLE OF COLLECTIVE BARGAINING 


The main principle brought out by experience with collective 
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bargaining and relationships with labor unions during the past 
ten years is as follows: 

In the evident absence of any real conflict between the aims of 
management and workers, the best interests of both are best 
served by intelligent co-operation to work out agreements and 
establish bases of dealing which will eliminate serious clashes and 
bring to both the greatest economic and social benefits. The 
public is sincerely interested in this outcome of the labor question 
in industry. 


Federal Administrative 


Management 1932-1942 


By DONALD C. STONE,** WASHINGTON, D. C. 


HE most conspicuous and widely noticed characteristic of 

the federal government in the past decade has undoubt- 

edly been the vast expansion of governmental functions 
first to meet a depression crisis and now the war—an expansion 
that has carried the influence and activity of federal agencies into 
every community and virtually every farm and home. But to 
those who have given attention to the capacity of the federal 
government to manage large enterprises effectively, the decade 
is equally significant as the period during which there was the 
first concerted and continuous effort to improve the processes of 
management. 

These two developments are in a sense related. Better ad- 
ministrative methods grew in part out of the sheer necessity 
of bringing a vast and rapidly expanding organization under some 
degree of control. Methods for improving management had been 
developed both inside and outside the government, and had been 
applied in limited fashion by various governmental agencies. 
The depression-born growth of government functions provided 
the setting for widespread application of these methods. 


Previous IMPROVEMENT IN MANAGEMENT Was SLow 


Important improvements in government management had 
been instituted in previous decades but progress had been slow 
and piecemeal—the civil-service system in 1883, the beginnings 
of improved purchasing methods in 1909, the budget system in 
1921, a classification and compensation plan in 1923, and the 
work of the Bureau of Efficiency between 1913 and 1933. Be- 
tween 1932 and 1942 all of the tools of management were de- 
veloped more fully, and for the first time the President was 
provided with immediately accessible management facilities 
through the organization of the Executive Office of the President. 
This was perhaps the most significant development of the decade 
since it represented the crystallization of the concept of the 
President as the general manager of the federal government. 
Between 1932 and 1942 there were also notable improvements 
in the quality of government personnel, in the internal manage- 
ment of departments and agencies, and in the structure of the 
federal government. 

There was not only outstanding progress in federal manage- 
ment in the past decade; there was likewise a change in the ap- 
proach to government management problems. Whereas pre- 
viously the motivation had been variously “get rid of the spoils- 
man,” “reduce government costs,” or “run the government like a 
business,’’ the new touchstone was “how can the goals established 


44 Assistant Director in Charge of Administrative Management, 
Bureau of the Budget, Executive Office of the President. 

Author’s note: This paper is the concensus of ideas of the staff 
of the Bureau of the Budget and certain outside authorities as to 
what have been the most significant aspects of management in the 
federal government during the past ten years. 
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by Congress best be attained?”’ This did not mean disregard of 
economy and efficiency, but rather relating these concepts to the 
purposes of government activity. It meant a greater recognition 
that the purpose of government is to perform whatever functions 
or services the citizens agree upon through their chosen repre- 
sentatives and to do these things with a minimum of expense and 
effort. 

But progress in management cannot be measured solely against 
the standard of previous decades. It must also be measured 
against the almost limitless wartime demands for strong and 
effective government. Granted that in the absence of recent ad- 
vances, chaotic management might well have been the outstand- 
ing feature of the war program, the question remains whether 
our management capacity has reached the point where it will 
assure well-planned and co-ordinated war administration. The 
federal government is notably better equipped today than ten 
years ago to organize and guide the nation through an emergency, 
but there are still serious weaknesses. Some of the successes 
and failures of war administration that are now evident will be 
noted. 


MANAGEMENT TOoOoLs Pout ON A FrRMER Basis 


Efficient management depends upon the use of certain adminis- 
trative tools. No administrator, however competent, can man- 
age his organization effectively or give assurance that the public’s 
money has been spent with care, in the absence of staff officers 
and management units to assist him. Such management aids— 
primarily budgeting, program planning, management planning, 
and personnel administration—little developed in previous dec- 
ades, have become well accepted and have been put on a much 
firmer basis in the past few years. This is one result of an ac- 
celerated interest throughout the government in the improve- 
ment of administrative management and of organized leadership 
and facilities at the center of the government. 

The Executive Office of the President grew out of the recom- 
mendations in the 1937 Report of the President’s Committee on 
Administrative Management. It was established in 1939 by 
bringing together into one organization the White House staff, 
augmented by six administrative assistants to the President; 
the Bureau of the Budget; the National Resources Planning 
Board; and the Office of Government Reports. Since that time 
the latter has been transferred to the Office of War Information 
and the Office for Emergency Management has been developed. 
The O.E.M. is the means by which emergency organizations to 
administer designated Presidential powers can be set up and co- 
ordinated either in time of war or in peace. 

Although the Executive Office has been able to make important 
contributions to the management of the federal government and 
to take the first steps in integrating the federal government into 
a more cohesive structure, its potentialities as a management 
arm of the President are very much greater than the accom- 
plishments of the first three years of its existence. 


DEVELOPMENT OF THE BupGet SysTEM 


A budget system for the federal government was launched in 
1921. During the first eighteen years of its existence, the 
function of Presidential review and co-ordination of departmental 
requests for funds was established, review of legislative pro- 
posals involving the expenditure of money was undertaken, and 
some attention was given to organization problems of agencies. 
But with a small staff—65 in 1939—it was out of the question 
for the Bureau of the Budget to do an intensive piece of work on 
all budget functions. In the past three years, however, with ex- 
pansion of the staff to almost 500, it has been possible to or- 
ganize for a comprehensive budget job. The work of the 
Bureau is now carried on through five major divisions—Esti- 
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mates, Legislative Reference, Fiscal, Statistical Standards, and 
Administrative Management, and a special War Projects Unit 
which inspects construction work. 

Review and co-ordination of departmental requests for funds 
and follow-through on expenditures has been intensified. The 
larger staff makes possible much more field work and the build- 
ing up of detailed knowledge on the activities and problems of 
government agencies. For example, five staff members devote 
full time to the Department of Agriculture. Formerly six per- 
sons were responsible not only for that agency but also for the 
War and Navy Departments. 

Techniques for executing the budget program have been 
strengthened. In 1933, the power to apportion appropriations 
and establish budgetary reserves was transferred from the de- 
partments to the Bureau of the Budget. This authority has be- 
come an important method of keeping agency expenditures 
within appropriation limits and of achieving savings. One ob- 
stacle to using this device effectively has been a lack of informa- 
tion on a comparable basis as to the progress of expenditures. 
Often the reports submitted have been little better than good 
guesses, 

In 1940 the foundations were laid for a uniform system of fiscal 
and work reporting by government agencies. This will not only 
give the departments and the Bureau a better basis for judging 
the pace at which expenditures are being made, but eventually 
will produce the first comprehensive information on expenditures 
in relation to units of work accomplished, and on the financial 
condition of the government and the operations of government 
corporations. 

The work of reviewing legislative proposals advocated by the 
departments has been extended. This activity now covers all 
types of bills whether or not the expenditure of money is in- 
volved and includes executive orders. Proposals are reviewed 
to determine whether they are mutually consistent and in ac- 
cord with the President’s policies. 

Departmental budget systems have likewise taken a spurt 
forward during the decade. Although every department was 
required by the Budget and Accounting Act to appoint a budget 
officer, little was done at first to develop offices that did much 
more than total up the estimates of the several bureaus and divi- 
sions. In recent years, however, appreciable progress has been 

made in a number of agencies, for example, Agriculture and Post 
Office Departments and the Veterans Administration. 

These improvements in the work of the Bureau of the Budget 
and the department budget offices, which reflect the acquisition 
of more intimate understanding by budget officers of the opera- 
tions behind the figures, have marked an important change in the 
approach to the budget function in the federal government. 
The federal budget is considered increasingly as a work program 
expressed in financial terms rather than merely the arithmetical 
result of sharp bargaining. Another development which is still 
in its beginning stages is closer integration of the budget with 
over-all fiscal and program policy decisions. 


GROWTH OF DEPARTMENTAL PROGRAM PLANNING 


Program planning as a tool of federal management implies 
the use by administrators of research and planning assistants 
who analyze the problems on which policy decisions may be re- 
quired and prepare recommendations and programs of action for 
consideration by administrators and, where appropriate, by 
Congress, 

Program planning units, not often labeled as such, have existed 
for many vears for specific government activities, for instance the 
Bureau of Public Roads as the central planning agency for the 
national highway system. In the past decade as the government 
has entered many new fields of activity where programs were not 
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always carefully defined in advance, the number of agencies 
having program planning units has increased; also the first 
central planning agency for the federal government—the Na- 
tional Resources Planning Board—was established. 

Illustrations of some of these newer units are: the Division 
of Tax Research of the Treasury Department, the Division of Re- 
search Statistics of the Social Security Board, the Directive 
Council of the office of the Co-ordinator of Inter-American 
Affairs, the Planning Committee of the War Production Board, 
and the Bureau of Program Planning and Review of the War 
Manpower Commission. 

In some agencies the effort during the past decade has been to 
put program planning on a broader basis. In the Department of 
Agriculture, for example, the Bureau of Agricultural Economics 
was stripped of its operating functions and designated as the 
central planning agency for the department in 1938. It was 
made responsible for planning a national farm program, including 
co-ordinated programs of agricultural production and distribution, 
land use, and conservation, and for co-operating with state and 
local planning bodies concerned with similar problems. More 
recently the Department’s War Board, which is advisory to the 
Secretary on policy questions, has also participated in the de- 
velopment of departmental plans and programs. 


THE NATIONAL RESOURCES PLANNING BoarD 


The National Resources Planning Board had its beginnings 
in the effort to plan the public-works program authorized under 
the National Industrial Recovery Act in 1933. Since then it has 
grown into a central planning agency to advise the President 
on development, use, and conservation of the nation’s resources, 
to encourage the establishment of planning units in agencies, 
regions, states, and municipalities, and to co-ordinate the activi- 
ties of such agencies. 

Regional problems such as the development of the water re- 
sources of drainage basins have received particular attention from 
the Board. Handling problems of this type involves co-ordinat- 
ing not only agencies of the federal government but also the 
agencies of different governmental jurisdictions. The Board has 
prepared numerous reports on long-range problems such as land 
use, urbanism, housing, transportation, industrial development, 
public-works programming, relief, and several pamphlets to 
stimulate thinking on postwar problems. The Board also makes 
a quarterly report on employment to the President. Recently 
the President has requested this agency to bring together and 
correlate the postwar planning efforts of both public and private 
agencies. 

Although there has been an increase in planning activities, 
they have not been integrated with actual operations to the ex- 
tent necessary if planning is to bear fruit in policy decisions. One 
illustration of the kind of integration that should be more fre- 
quent is the work of the National Resources Planning Board and 
the Bureau of the Budget in programming public works. Federal 
agencies responsible for construction programs are required by 
law to submit six-year advance plans to the Board and the 
Bureau jointly and the two work together in appraising the 
proposals. In this fashion, budget decisions on construction esti- 
mates are made in the light of long-range considerations brought 
forward by the Resources Board. 


MANAGEMENT PLANNING TAKES HOLD IN THE GOVERNMENT 


During the past few years great strides have been made in the 
development and installation of improved organization, pro- 
cedures, and business practices both for the government as a 
whole and within departments. Prior to the present decade 
the primary work in this field had been that of the Bureau of 
Efficiency. Although that agency worked on administrative 
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and operating problems from 1913 to 1933, it did not give major 
attention to the over-all structure of the government. Further- 
more, the fact that it was never a part of the central administra- 
tive stream and did not have a close relationship with the 
Chief Executive detracted from its influence in over-all gov- 
ernmental matters. After the Bureau of Efficiency was abolished 
in 1933, there was no central administrative planning agency for 
the federal government until the Division of Administrative 
Management in the Bureau of the Budget was built up in 1939 
and 1940, 

The Division now has approximately 75 staff members with 
experience and background in both government and _ business 
who by virtue of their position in the Executive Office of the 
President are able to facilitate numerous fundamental improve- 
ments in federal management. Beginning with the comprehen- 
sive reorganizations of the government structure put into effect 
in 1939 and 1940, the Division has worked continuously on the 
formulation and effectuation of reorganization measures. Im- 
provements in such government-wide business practices as travel 
regulations, standardization of charges for living quarters and 
meals allowed for federal employees, control of government- 
owned vehicles, and a wide range of similar problems have re- 
ceived the Division’s attention. 

The major part of the work of the Division of Administrative 
Management, however, has been assistance to individual depart- 
ments and agencies in helping them to work out internal organi- 
zation and management problems. In a sense the Division 
supplies a consulting service at the immediate call of every de- 
partment head who wishes outside sympathetic help in 
eliminating organizational and procedural difficulties. More 
recently, attention has been devoted almost exclusively 
to ways and means of improving war organization and ad- 
ministration. 


ADMINISTRATIVE MANAGEMENT IN AGENCIES 


This increased attention to over-all federal organization and 
administration has been accompanied by a rapid increase in the 
number of management planning units within departments 
and agencies. There are now more than fifty such units through- 
out the government and most of them have been organized 
within the past few years. The Office of Organizational Plan- 
ning in the War Production Board, the Office of Budget and Ad- 
ministrative Planning in the Post Office Department, the Plan- 
ning and Budget Section in the General Accounting Office, the 
Division of Fiscal Management in the Department of Agricul- 
ture are among those that operate on an agency-wide basis. 
Others, such as the Planning and Review Section of the Bureau of 
Old Age and Survivors Insurance, and the Departmental Plan- 
ning Section in the Farm Credit Administration function within 
Bureaus or other agency subdivjsions. 

The job of the management planning units is to assist operat- 
ing officials in streamlining agency organization, to solve the 
tough problem of controlling field operations, to improve man- 
agement practices, to expedite such central services as filing. 
mails, and communications, and generally to survey, develop 
solutions, and install new systems covering any administrative 
bottleneck or sore spot. The work of management planning 
units in the military agencies has been especially significant. 
The Control Division of the Army Services of Supply, the Direc- 
torate of Management Control of the Army Air Forces, the Ad- 
ministrative Management Section of the Coast Guard, and the 
Management Engineers Office of the Navy, have worked on 
rationalization of organization and other basic improvements 
and have achieved spectacular results in eliminating ‘‘red tape.” 
More than 1000 useless report and record forms have been scrapped 
recently in the two military departments. 
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Co-ORDINATION OF STATISTICS 


Steps to co-ordinate the collection of statistics by approxi- 
mately one hundred units of the government illustrate another 
aspect of progress in administrative planning. The Division of 
Statistical Standards in the Budget Bureau at the present time 
reviews all proposals for the collection of statistics by the govern- 
ment and affixes an identifying number to each report form ap- 
proved, in order to eliminate duplications, co-ordinate the statis- 
tical activities of federal agencies, and control the quantity and 
quality of statistical inquiries. 

The Division also stimulates the establishment of similar 
central review units within agencies collecting a diversity of 
statistical data, for example, the Office of Price Administration, 
the War Production Board, and War and Navy Departments. 
Other functions are to encourage agencies needing similar data 
to obtain it from a single source, and in co-operation with other 
agencies, to develop statistical programs that will bring about co- 
ordination of governmental activity in specified fields and col- 
lection of data that will be useful to the largest number of agen- 
cies. There had been little activity in this field before 1933. 


New APPROACH CiviL SERVICE 


An “about face” has taken place in personnel administration in 
the past ten years. The Civil Service Commission, the oldest 
of the federal agencies concerned with central management, has 
shifted from the time-honored philosophy of policing personnel 
transactions to that of service to the operating agencies. Maxi- 
mum flexibility within the framework of the merit system is the 
guiding principle of the present wartime procedures of the Com- 
mission. Placing eligibles on lists according to rank in examina- 
tions and submission of only the top three names to appoint- 
ing officers has been abandoned. Qualifications of applicants 
are investigated, but less frequently by written competitive 
examinations, and appointing officers have relative freedom of 
determining which applicant best fits the particular requirements 
of a job after Civil Service Commission standards have been met. 

Several factors have had a bearing on this development. Re- 
cent Commissioners have understood the management role of a 
personnel agency. Much of the new personnel that has come 
to the government service in the past decade has been impatient 
with the rigidities of the traditional civil-service system. The 
success of the Tennessee Valley Authority in making the person- 
nel function an integral part of management has been a challeng- 
ing example. The Report of the President’s Committee on 
Administrative Management presented a strong case for re- 
organizing the Commission to make it an integral part of the 
President’s management machinery. But perhaps of greatest 
importance has been the effect of the war. The change from sur- 
plus to shortage in the labor market, and the acute and immedi- 
ate need of government departments for personnel put on the 
Commission a pressure to give service that could not be resisted. 

Although the Civil Service Commission has become in effect 
an agency for facilitating overhead management rather than for 
control, a statutory prohibition has prevented integration of 
personnel administration with the other management functions 
in the Executive Office of the President. However, through the 
designation of one of the President’s administrative assistants as 
liaison officer for personnel management, it has been possible to 
make the link between the Civil Service Commission and the 
Chief Executive a more vital one. This officer meets with the 
Commission each week and advises with them. He also watches 
personnel developments throughout the government, and pro- 
posed Presidential actions, such as amendment of the Civil Serv- 
ice Rules, are first cleared with him. 

Equal gains in the federal personnel system have been made in 
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departmental personnel management. Ten years ago the De- 
partment of Agriculture was the only department that had de- 
veloped personnel management in any comprehensive fashion 
Today almost all agencies have substantial personnel offices and 
many have broad-gage programs. This is an outgrowth of a 
Presidential directive in 1938 requiring all departments and the 
large independent agencies to establish personnel divisions. 

At the same time the Council of Personnel Administration was 
established to give further stimulation to the improvement of 
personnel practices. Although previous sporadic efforts have 
been made to bring the departments and agencies together for the 
solution of common personnel problems, the present Council is 
the first one to become a continuing influence for improved per- 
sonnel administration. Only in the past four or five years have 
there been experienced personnel officers to serve as members of 
such a body. The Council aided by a technical staff has been a 
focal point for organizing a unified attack on such problems as 
recruitment, placement, classification, compensation, training, 
service ratings, employee relations, leave, separations, personnel 
forms, and health and safety measures. 


EXTENSION OF MERI?’ SysTEM 


The development of improved management techniques in the 
federal government would be of little significance in the absence of 
able and imaginative administrators devoted to the public wel- 
fare. The tradition of political patronage in American govern- 
ment has meant that the first years of civil service had to be spent 
in establishing the merit principle of appointment. At the open- 
ing of the present decade this had been very largely accomplished. 
At that time apprvximately 80 per cent of all federal positions 
were subject to the Civil Service Act and Rules. 

Subsequently, during the early depression years there was a 
recession in the coverage of the civil-service system. This was 
due, in part, to the temporary basis on which many of the emer- 
gency programs were established, as well as to the difficulties of 
setting up programs rapidly under the rigidities of the old civil- 
service system. Many competent administrators were convinced 
that the Civil Service Commission, under its traditional methods, 
could not supply the quality of talent needed. However, the 
exemption of positions from civil service was no solution, as the 
pressure for patronage appointments proved an equal obstacle 
to meeting administrative necessities. 

In consequence, in 1938, the President placed under civil serv- 
ice all positions over which he had control and asked Congress 
for similar authority over all other non-policy-determining poci- 
tions. Such extension of the civil-service system had likewise 
been advocated by the President’s Committee on Administra- 
tive Management and by such citizen groups as the National 
League of Women Voters and the National Civil Service Reform 
League. These efforts to extend the merit system culminated 
in 1940 in the passage of the Ramspeck Act which made all but 
the policy-determining positions subject to the Civil Service 
Act and Rules. This law is a landmark; for the first time it 
became the policy of the government to include all the top ad- 
ministrative and professional positions within the merit system. 
Another significant step was taken when this policy was applied 
to some 4500 legal positions. 


RECRUITING ADMINISTRATORS 


At the same time that this movement was taking place, the 
public service was becoming more attractive as a career for 
persons of top ability. In past decades a tradition of high- 
quality permanent-career officials in many scientific and tech- 
nical branches of the public service had developed, but no corre- 
sponding custom had been built up with regard to positions re- 
quiring general administrative competence. In recent - years, 
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however, there have been numerous educational efforts calling 
attention to the necessity of improvement on this front, begin- 
ning in 1935 with the report of the Commission of Inquiry on 
Public Service Personnel, “Better Government Personnel.” 

Also depression conditions and the inauguration of important new 

government programs in 1933 and 1934 attracted large numbers 

of able persons to the government service who normally would 

not have been available. 

At about the same time the Civil Service Commission began 
to depart from its normal recruitment procedure. Traditionally, 
applicants had been examined for proficiency in each type of 
clerical or technical position with little regard to capacity for 
growth and ability to discharge higher responsibilities. In 1934a 
program was launched to bring into the government service the 
most intelligent and talented graduates of the colleges and univer- 
sities. As a result more than 5000 junior appointments of this 
type, in some thirty professional fields, had been made by June 30, 
1941. In 1940, civil-service examinations were given for the first 
time for persons trained and experienced in the general field of 
management and in recent months have been held almost con- 
tinuously. 

Training programs have been another constructive approach to 
the improvement of the quality of government employees. The 
public-service training programs of the universities were greatly 
accelerated throughout the decade. Government internships 
for training outstanding college graduates for the public service 
were established by a private agency—the National Institute of 
Public Affairs, in 1936. In-service training within the govern- 
ment also began to receive attention, and again the Tennessee 
Valley Authority set a notable example. 

Unfortunately, all of these trends have not produced enough 
administrative officers for the war effort, in spite of the fact that 
increased numbers of competent administrators have come to 
the government from private enterprise since the start of the war 
program. Most breakdowns in administration are the result of 
inadequate leadership by the head of an agency or his principal 
subordinates. Heroic steps are needed to solve this problem. 
The Civil Service Commission, through its Committee on Ad- 
ministrative Personnel, is now engaged in an intensive effort to 
identify and secure administrative talent both from within and 
without the government service, but the need continues to out- 
strip supply. 

ORGANIZATION FOR MANAGEMENT WITHIN DEPARTMENTS 


One evidence of the improved quality of government adminis- 
trators has been the great increase in attention given within 
departments and agencies to the co-ordination of programs, con- 
duct of field operations, introduction of new technical devices, 
development of effective staff services, and methods of reporting 
on work done. This interest has been fostered by professional 
societies such as the American Society for Public Administra- 
tion, the Society for the Advancement of Management, and 
organizations of public officials within specific fields of govern- 
ment. The conferences, research programs, and publications of 
such organizations as the American Public Welfare Associa- 
tion, the Civil Service Assembly, the National Association of 
Housing Officials, and the American Society of Planning Officials 
have been great stimulants of better administrative management. 
Employee organizations are also increasingly focusing their at- 
tention on administrative and procedural improvements. 

Establishment of departmental personnel, budget, manage- 
ment planning, and program-planning facilities on a firmer foun- 
dation has already been noted. Mere organization does not 
suffice, however. These units will not contribute to better man- 
agement unless top agency executives use them. There needs 
to be a common focus for management facilities either in an ad- 
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ministratively minded department head or in a general adminis- 
trator working in close association with the policy leadership of 
the agency. 

A few years ago observers thought they saw in a few depart- 
ments the beginnings of general managership positions which 
could meet this need, but the development has not continued. 
Recently there has been some experience with trying to solve the 
management problem by appointing career administrators to 
Assistant Secretaryships or Undersecretaryships of Departments, 
positions traditionally occupied by political appointees. There 
is not yet a consensus on the best solution. 

Neither is there complete agreement on the proper role of 
individual management units, although the trend is clearer, 
The temptation for staff officers to engage in actual operations 
often has not been resisted) There has been, therefore, consider- 
able following for the view that departmental policies and re- 
sponsibility can be effectively established only if there is a vigor- 
ous review of bureau transactions. The contrary view, rapidly 
gaining in adherents, is that exercise of leadership, establishment 
of departmental] standards, and general periodic review of results 
is a more effective method of operation. 

In the departmental personnel offices, for example, there has 
been a tendency to think in terms of centralized operations and 
paper work, although there is growing appreciation of the fact 
that most operations must be decentralized and that there are 
better ways of securing a high level of performance than by rou- 
tine review every step of the way. In the legal offices the issue 
has been posed in a different form. In some departments, the 
auxiliary legal a‘ds to the bureaus have been centralized to one 
unit for the whole department, instead of being kept at the 
operating level. 


NEED FOR GREATER DECENTRALIZATION TO THE FIELD 


Corollary to the need of organizing departments more effec- 
tively has been the need for greater decentralization ot responsi- 
bility to the field. It is out of the question to attempt to carry 
on nation-wide programs when every decision has to be referred to 
Washington, and in general, the last ten years has seen progress 
in this respect. There is a trend toward greater devolution of 
operations to regional offices. 

Changes in Civil Service Commission procedures are an ex- 
ample. Traditionally a highly centralized agency, the Commis- 
sion has recently decentralized operations along two lines. Com- 
mission employees attached to departments and agencies have 
been given increased authority to approve position classifications, 
appointments, and promotions without prior clearance with the 
Commission. District offices of the Commission have also been 
given greater authority in such matters as recruiting. 

Some decentralization likewise is taking place as a result of 
wartime efforts to co-ordinate field operations. The regional 
directors of the Social Security Board, for instance. have been 
designated co-ordinators for wartime programs in health, welfare, 
and related fields. One consequence of this effort to correlate 
operations in the field has been that field officers have sought 
greater freedom of action and decision. 


IMPROVEMENT OF THE GOVERNMENT STRUCTURE 


Reorganization of the basic structure of the executive branch 
of the federal government has been urged periodically in many 
quarters ever since the Taft Commission on Economy and Ef- 
ficiency made the first comprehensive report on the subject in 
1912. But prior to the past decade, the only action came as 4 
result of delegation of reorganization authority to President 
Wilson in 1918 as a war measure. In the present decade there 
have been three delegutions of power to reorganize—in 1932, 
1939, and 1941. 
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President Hoover issued the first orders under the 1932 author- 
ity, but they were disapproved by Congress shortly before the 
end of his term. Subsequently, President Roosevelt in 1933 and 
1934 issued several orders which went into effect. The Procure- 
ment Division of the Treasury Department was established to 
facilitate standardized and economical government purchasing 
and warehousing; the various agricultural credit agencies were 
brought together in the Farm Credit Administration; the Ship- 
ping Board was abolished; the disbursement function was ce.- 
tralized in the Treasury Department; and the power to apportion 
appropriations was transferred from the departments to the Bu- 
reau of the Budget. 

Under the powers granted in 1939 and 1941, more spectacular 
results have been achieved, partly because in the meantime the 
government structure had expanded greatly and the need for 
structural reorganization was much more obvious. Leaving out 
of account the growth of temporary agencies to carry out the war 
program, the more recent reorganizations have simplified the gen- 
eral outlines of the permanent structure of the government 
and reduced drastically the number of agencies theoretically 
reporting to the President but in fact getting limited supervi- 
sion from him. In 1937, a classification of agencies in the Execu- 
tive branch showed in addition to the ten departments, some fifty 
major agencies and numerous minor organizations. Of these 
fifty agencies, twenty-eight have now been abolished, placed in 
une of the established departments, gathered into one of the three 
new agencies which are virtually departments, or placed in the 
Executive Office of the President. 

Of particular interest in these reorganization moves is the 
creation of the Federal Security Agency, the Federal Works 
Agency, and the National Housing Agency. A Federal Loan 
Agency was similarly organized but has since been liquidated by 
transfer of its constituent agencies to the Department of Com- 
merce. Although the President may not create departments, 
through his reorganization authorities he has been able to bring 
associated activities together under one common. head, thereby 
centralizing administrative responsibility for related functions 
at a point short of the White House. The heads of these agen- 
cies, through the power to hire and fire, have virtually as much 
power to achieve co-ordination as the head of any department, 
and in effect, have been given cabinet rank since they attend cabi- 
net meetings. The main obstacle to securing administrative 
responsibility in these agencies is the fact that numerous sub- 
ordinate posts are subject to appointment by the President and 
confirmation by the Senate. This defect could not be corrected 
under the reorganization authority. 


New TECHNIQUE FOR REORGANIZING 


The main problem in effecting administrative reorganization 
has been to determine how the Congress could give the Chief 
Executive authority to take action without, on the one hand, giv- 
ing up the power of the legislature to reject proposals or, on the 
other hand, putting such proposals in jeopardy because of minor- 
ity opposition. Plans for improving administration almost al- 
ways attract vigorous opposition from special interests affected 
—employees or pressure groups—and in the absence of a pro- 
cedure to protect the majority, run the risk of defeat if the matter 
is not of sufficient interest to attract general congressional atten- 
tion. 

The technique embodied in the 1939 Reorganization Act 
solved the dilemma by providing that Presidential plans should 
g0 into effect unless a majority of the Congress was opposed. 
The President was in effect made an agent of the legislature for 
the purpose of preparing reorganization plans. Such plans had 
to lie before the Congress for sixty days while it was in session. 
At the end of that time, in the absence of a concurrent resolution 
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of disapproval accepted by both Houses, the plans went into ef- 
fect. Such resolutions were not subject to Presidential veto, al- 
though in fact none was passed during the time the act was in 
operation. 

Although this two-year experiment was a success, there has 
not yet been a willingness in Congress to give the President such 
reorganization authority on any continuing basis. Perfection of 
organization in government as in private business is a continuous 
process, although periodically a large-scale revamping is needed 
to catch up with a new era or with basic changes in program. 
To deny the Chief Executive, or the head of an agency within 
the executive branch, considerable latitude in readjusting or- 
ganizational arrangements is to deny him an essential tool of 
management. 


Pius AND MINus SIDE OF WARTIME MANAGEMENT 


The past decade has seen unprecedented progress in federal 
management. The magnitude of the management problem 
brought forth by the war is also unprecedented. With acute 
shortages of vital raw materials, with the necessity of producing 
not only for our own armed forces but also for our allies, of relat- 
ing production to strategy decisions that affect every corner of 
the globe, and of working out effective administrative relation- 
ships with other nations, there is no leeway for incompetent per- 
sonnel, inadequate planning, or poor management. All opera- 
tions must be thought out, arranged, and co-ordinated with a 
precision that is rarely achieved. 

In general, there has been recognition of the necessity for such 
precision, but the administrative means for achieving it are still 
distressingly inadequate. Effective production planning is in its 
very earliest stages, the relationships between the agencies that 
govern production and those concerned with strategy are inef- 
fective, and there still remain difficult problems of co-ordination 
of such interrelated matters as military requirements, production 
possibilities, manpower needs, shipping, and foreign policy. 
Some of these weaknesses have their origin in the fact that there 
has been no comprehensive scheme for bringing the best talent 
of the country into the government service. They also grow out 
of the great difficulty of finding and identifying administrators 
adequate for these vast management tasks even when concerted 
efforts are made to find them. 

Given these serious shortcomings, what is the positive side of 
the war organization picture? For one thing the availability of 
the Executive Office of the President to assist in the establish- 
ment of new programs and in ironing out jurisdictional disputes 
has been an important asset. In this connection, the device of 
the Office for Emergency Management within the Executive 
Office has been especially helpful. The President cannot or- 
ganize new operating agencies, but he can organize his own office 
and assign duties over which he has discretion to units within it. 
In this fashion and through use of emergency funds made avail- 
able by Congress, it has been possible to put the war program 
into operation quickly and to make adjustments when needed. 

To a greater degree than is generally realized the regular 
government agencies have been harnessed to the war effort. 
This has been particularly true of the agencies whose functions 
have a clear-cut wartime applicability, such as the Department of 
Agriculture, the Civil Aeronautics Authority, or the Treasury 
Department. There have also been notable efforts to co-ordinate 
government activities, as in the organization of the National 
Housing Agency, the Office of War Infarmation, the War Man- 
power Commission, and the Board of Economic Warfare. The 
error made in the last war of using boards for important ad- 
ministrative purposes has been avoided; in the case of current 
boards the chairman is given full authority to act. 

Political patronage considerations have played almost no part 
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in the selection of key personnel. Furthermore, the introduction 
into government of many capable persons from the business and 
industrial worlds is not only of importance now but is bound to 
leave a permanent impress. Some of these newcomers undoubt- 
edly will remain in government service as a permanent contribu- 
tion to the improvement of the quality of federal personnel. 
Those who return to private jobs will have left behind them some 
of the management ideas and practices of business and will take 
back a better understanding ot the problems of government. 
Another hopeful aspect of the present governmental scene is the 
fact that in some agencies, management is improving at an ac- 
celerated rate. When progress in management in the federal 
government in the past decade is considered in the abstract, the 
results seem spectacular. Considered in the light of what is 
needed—better administrators and better use of personnel 
throughout the government, less selfishness and personal aggrand- 
izement by officials, more effective planning, further develop- 
ment of management facilities, improved supervisory practices, 
greater decentralization, improved procedures, etc.—the picture 
is discouraging. However, under the pressure of wartime neces- 
sity, new gains are being made that should become permanent. 


Pusiic MANAGEMENT AND THE FUTURE 


Looking toward the future and what it will require of manage- 
ment, two problem areas stand out. One is the aftermath of 
converting the productive machinery of the country to meet war 
requirements. The mobilization of the country’s resources, with 
the attendant necessity of substituting government directives for 
ordinary economic controls, is one of the most complicated 
management jobs ever undertaken in this country, but the task 
of releasing war-time controls promises, if possible, to be even 
more complex. Our ability to solve this problem and to reorient 
the nation’s economy to meet postwar needs, will depend in 
great measure on the imagination and resourcefulness of our ad- 
ministrators., 

The other great management challenge lies in the field of 
international administration. Various combined boards rep- 
resenting Great Britain and the United States have been estab- 
lished for co-ordinating United Nations operations. These must 
be implemented with effective administrative machinery not only 
for prosecuting the war, but also to lay the foundations for the 
future. Without the means for carrying on co-operative adminis- 
tration at the close of hostilities, it will be impossible to build the 
kind of world order envisioned by the Atlantic Charter. 


Increase in Adaptability of 
Workers to Job Requirements 


By EDGAR W. LANCASTER,* WASHINGTON, D. C. 


into industry, which required the extensive development 

of training methods and dilution, or job-breakdown, 
techniques. This same influx of women into industry has 
occurred in the present war but on a much greater scale. 

The introduction of women in the current war, however, does 
not require so extensive a readjustment of training methods and 
processes, nor the development of as many new mechanical tech- 
niques as was necessary in 1914-1918, because industrial mecha- 
nization and subdivision of work have developed constantly since 
that time, particularly so from the depression years, the 1930’s, 


[ou the last war there occurred a large influx of women 


45 Research Specialist, Civilian Personnel Division, War Depart- 
ment. Paper prepared in collaboration with Lawrence A. Appley, 
consultant for War Department Director of Training and Personnel, 
and vice-president, Vick Chemical Company, New York. 
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to the present. It is also true that in the past few years more 
and more women have continued to be employed on processes 
suited to them, due primarily to the development of research 
departments which studied and adjusted such situations, and also 
due to the recent development of mechanical aids for women in 
industry. These developments created a situation for women 
in industry in September, 1939, greatly different from that of 1914. * 


INCREASE IN MECHANIZED EQUIPMENT 


There has been, in the past ten years, a tremendous increase in 
mechanized equipment in the factories, on the farms, and in other 
fields throughout Great Britain and America. Basically, it 
stands to reason that the women of America and England 
through coming in contact and by working with these thousands 
of mechanical devices, which are becoming a part of their home 
activities and outside life, have developed knowledges and skills 
which have given them greater adaptability for acquiring me- 
chanical skills in war industries today.‘? 

An article published by the British Press Service states, ‘I:x- 
plaining factory work in terms of simple household apparatus is 
proving a valuable method in introducing inexperienced women 
to wartime factory work in England.” 

The article goes further to explain that the egg beater, the can 
opener, the washing machine, and all the other highly developed 
present-day electrical and hand-operated mechanical devices are 
among the well-known appliances that are compared to workshop 
machines in employing women in munitions plants. These 
women are taught that in manipulating one drill which bores 
through hard metal they practice the same technique as when 
using a rotary egg beater and in working with another drill that 
bores out the middle of shells, they use the same movement em- 
ployed in still another household appliance. 

Women are shown the analogy between present kitchen scales 
and the apparatus that tests the diameter of primers for shells to 
see if they have been made the exact size for the gun from which 
they will be fired. They see that the finished primer is merely 
placed on something resembling a balance and that their job is to 
watch an indicator that registers if the size is not true.‘* 


NEED FOR MILLIONS OF WOMEN 


In the United States there are 13,200,000 working women, with 
3,000,000 in various kinds of manufacturing and mechanical in- 
dustries. It is estimated that if war production goals are to be 
reached and maintained, there must be an increase in the number 
of women in war industry from the 1,000,000 in May, 1942,‘* and 
approximately 3,000,000 at the end of 1942, to 6,000,000 by the 
end of 1943. Some of these women will be recruited from among 
young girls finishing school and college and housewives not now 
in the labor market.® 

In 1930 the working women of the United States totaled 
nearly 11,000,000; the number at work in manufacturing and 
mechanical industries was 1,386,307.5! 


4¢ ‘Women in War Industries in Great Britain,’’ U. S. Department 
of Labor, Women’s Bureau, October, 1941. See also ‘‘American Labor 
in the World War Period 1914 to April, 1917,’’ Monthly Labor Review, 
October, 1939. Industry is spending 17 times as much for research 
annually as in the first year of World War I. 

47 “Women in Industry,” Independent Woman, May, 1937. 

# “British Housewives Introduced to Machinery Via Egg Beaters 
and Mangles,”’ British Press Service, June, 1942. 

“Woman's Place,’ Business Week, May 16, 1942. ‘‘Today 
out of an estimated total of 8,500,000 war workers, 1,000,000 are 
women. By the end of 1943 there will be 20,000,000 or more war 
workers, and 4,000,000, or 1/5, will be women.” 

® “Arms and the Woman,”’ Survey Graphic, May, 1942. See also 
“Women in War Work,’”’ New Republic, May, 1942. ‘‘Women at 
Work,” Newsweek, January, 1942. ‘‘Women in War Work,” New 
York Times, March 15, 1942. 

* “Occupational Progress of Women 1910-1930,” Bulletin of the 
Women’s Bureau, U. 8. Department of Labor, No. 104. 
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In July, 1939, there were over 4,000,000 women workers in 
Britain. Since then even approximate totals have not been 
given out. During the past winter, the Minister of Labor, acting 
on the principle that ‘‘nothing that a woman can do or can learn 
to do should be allowed to absorb a man of military age,” has 
ordered the compulsory registration of all women between the 
ages of 16 and 41. In some munitions plants they make up 80 
to 90 per cent of the total labor force. Some aircraft plants are 
50 per cent manned by women with the expectation that the 
proportion will rise to 80 per cent in the months ahead.®? In 
small-arms munitions plants in Wales, 80 per cent of the workers 
are Women, as against 40 per cent in the United States. 

At an early date in World War IT it became clear that Eng- 
land’s war as well as our own would be fought primarily in the 
factories. Consider for the moment the following facts: In 
Caesar’s time the value of the life of one soldier who died de- 
fending his country was estimated at 75 cents; in the Thirty 
Years’ War, the estimate rose to $50; and in the American Civil 
War to $5,000. The First World War raised that figure to 
$25,000, and now roughly the estimated cost of the Second World 
War in terms of individual military fatalities is already over 
$125,000. Of greater significance is the fact that most of this 
money is spent not on the battlefield, but in the machine shop; 
not in the trench, but on the assembly line.®* 


FOR WoMEN 


From 1932 until the outbreak of the present war there were 
obstacles to the employment of women in industry. Women 
thus did not have too great an opportunity for developing ver- 
satility in specialized mechanical work. Economic changes in 
the way of living did, however, tend to bring women into fac- 
tories—changes such as: the increased mobility of workers, their 
migration in order to obtain employment, the need for house- 
wives to assist in supporting the family, the increase in apart- 
ments as away-from-home dwellings, and the government work 
program, 

In Germany and in Great Britain present reports indicate that 
40 to 50 per cent of the employees are women, and certain trends 
indicate that women will get a chance to show their skills in 
America. 

In April, 1941, an airplane assembly plant hired 16 girls for the 
covering, paint, and electrical-assembly departments. The ex- 
periment was so successful that by the end of the year the com- 
pany was employing 500 women, utilizing their services on nearly 
all production processes, even in the machine shop and on the 
final assembly.* 

Plants making ammunition for artillery and small arms already 
employ large numbers of women. Of 28 operations in the small- 
arms ammunitions plants, women were found to be the only 
workers on seven; 12 others, it was considered, could be turned 
over to women entirely or, at least, the number of women working 
on them could be greatly increased. The remaining nine opera- 
tions were adjudged unsuitable for women, chiefly because they 
required physical strength. 

In the plants making heavier artillery ammunition, of the 46 


2 “Arms and the Woman,” Survey Graphic, May, 1942. 

Leo M. Cherne, ‘‘Your Business Goes to War,” p. 5. 

4 “Withdrawal of Young Women From Certain Pursuits,”” Monthly 
Labor Review, February, 1942. See also, “Women in Federal 
Defense Activities,” Monthly Labor Review, March, 1942. “Arms 
and the Woman” (replacing millions of men in war production), 
Survey Graphic, May, 1942; ‘'25,000 Women Will Be Employed 
by Armed Forces in Radio,” Science, March, 1942. 

% “Women’s Jobs in War Production” (training workers and super- 
visors for war production), American Management Association 
Personnel Series no. 56, February, 1942. See also “Women in 
Wartime,” Monthly Labor Review, May, 1940. 
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operations observed, six were entirely in the hands of women; 
on 29 the employment of women could be greatly increased; 11 
were considered unsuitable. In the mechanical time-fuse de- 
partment of a government arsenal women held only 2 per cent of 
the jobs three years ago; now 96 per cent of the workers are 
women, and more fuses are being produced per employee than 
ever before. There has been a complete change in the break- 
down of 

In one General Electric plant the ratio was 60 to 40 in March, 
1942, in favor of the men. “But by the end of the year,” said 
the general manager, “‘it will be reversed, 60 per cent women to 
40 per cent men.’”’ The Ford Motor Company has pushed the 
civilian estimate of women workers it would need in 1942 until 
the figure stood at 20,000. The Sperry Gyroscope Company, 
in one of its new plants, will want 6,000 to 8,000 women em- 
ployees. A machine company where only 20 per cent of the work- 
ing force were women in the fall of 1941, had increased the pro- 
portion to 80 per cent by February, 1942. These are random 
indications of a nation-wide trend.” 

In an effort to indicate how many and how varied are the new 
openings suitable for women, the United States Employment 
Service has been analyzing all jobs occurring in war industries. 
At present 623 essential occupations have been studied. Women 
are employed in only 27 of these. A study of the duties per- 
formed by workers in the remaining occupations indicates that 
251 are wholly suitable for women, with another group calling 
only for some rearrangements of equipment and process. A 
study by the United States Women’s Bureau showed that 
women were able to step immediately into about 600 out of 
1900 major war occupations, and could be quickly trained for 
another 600 such occupations. 


PERCENTAGE OF WOMEN WorKERS GROWING Fast 


The U. S. Department of Labor in a survey of munitions 
plants found that more than 30 per cent of the workers in small 
arms manufacture were women; ** in shell and bomb loading 
plants the figures ran from 33 to 42 per cent; in bag loading plants 
the figures ran from 30 to 48 per cent. In aircraft manufacture 
fewer than 2 per cent of the total labor force were women, though 
in West Coast plants the proportion of women on the assembly 
lines ran much higher.*® 

The following are reports of the Women’s Bureau from their 
visits to other aircraft plants in more recent months: 

One plant having none but male employees expected to hire 
6000 women within a few months after the survey. 

An aircraft assembly plant was making plans to take on more 
women; at the time it had 27 women on the production line but 
this number was expected to increase very soon to 2,000. Women 
were to be tried first in the electrical department and on small 
precision assembly. 

In another aircraft assembly plant women are being seriously 
considered for light woodwork operations, electrical assemblies, 
taping and doping, and tube assemblies. (There is one woman 
engineer in this plant, but only nine on the production line.) 

Kinps oF Josps at WH1cH WomEN Can WorkK 


Now what are the prospects that women will be readily ab- 
sorbed into the rapidly expanding production program?® New 


56 Ibid. 

§7 ‘Arms and the Woman,”’ Survey Graphic, May, 1942. 

88 See ‘‘She Works in an Arms Plant,’” New York Times, M, April 
12, 1942. 

8 “‘Arms and the Woman,” Survey Graphic, May, 1942. 

® See ‘Employment of Women in U. S. Defense Industries,”’ 
Monthly Labor Review, January, 1941. See also, ‘‘Woman’s Place” 


(Surveys show that they can not only do the job but they can do it 
better), Business Week, May, 1942. 
Republic, May, 1942. 
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jobs have been created through the breakdown of “‘big’’ processes 
into simpler and less-skilled operations. Some jobs can be done 
equally well by men and women—for example: 

Milling-machine work 

Light-punch and forming-press work 

Work on bench and watchmakers’ lathes 

Burring, polishing, lapping, buffing (on lathes) 

Packing, labeling. 

Women can do some jobs even better than men. They are 
more painstaking; they mind tedious work less; they have 
greater finger dexterity. Women adapt themselves readily to 
repetitive jobs requiring constant alertness, if not skill, strong 
fingers, and tireless wrists, and they can keep at these jobs with- 
out flagging. Examples are: 

Drill-press work 

Assembly—all types 

Winding coils and arniatures 

Soldering 

Taping 

Painting—all kinds (spray, stencil, radium, touch-up) 
Visual inspection. 

But women can also do certain notably skilled work after train- 
ing. They have the ability to work to precise tolerances; they 
can detect variations of a ten-thousandth of an inch. And they 
can make careful adjustments at high speed with great accuracy. 
Such skills include: 

Welding 

Sheet-metal forming and riveting 

Work on light turret lathes 

Work on light-duty hand and automatic screw machines 
Work on setting up machines 

Production, planning, routing 

Tracing, drafting.“ 


CuanGEs AFFECTING EMPLOYMENT OF WoMEN 


There are two developments in the change of attitude toward 
the women workers which have simplified the infiltration of 
women into the skilled jobs. The first is the improvement in the 
tools themselves, which has made the work easier.** The second 
is that the very exclusive unions, which never before accepted 
women as members, have undertaken to negotiate for the women 
workers and in some cases have even supported equal pay for 
equal work. This step is in contrast to the situation during the 
last war when large numbers of men opposed the entrance of 
women into industry. 

An important point is that, in contrast to what happened in 
the last war, we have vastly improved working conditions in the 
war factories. Clinics are conducted, and trained nurses are 
employed; we have tried to prevent eye strain by providing 
proper lighting; rest rooms have been installed in all the vital 
factories and rest pauses instituted. In addition, the tea wagon 
is sent around, and extra rations are provided in the middle of 
each shift. 

In manufactures that were first to undertake defense produc- 
tion an average of about 275,000 women wage earners were em- 
ployed in 1939, distributed in the following broad industrial 
groups: 


87,000 
Iron and steel and their products.............. 60,000 
Chemicals and allied products................ 42,000 
Nonferrous metals and their products.......... 31,000 
Machinery (other than electrical)............. 27,000 
Automobiles and their equipment............. 26,000 
Other transportation equipment............... 1,570 


® “Women’s Jobs in War Production” (Training Workers and 
Supervisors for War Production), American Management Association 
Personnel Series no. 56, February, 1942. 

62 See ‘Increased Efficiency and High Performance Standards 
Definitely Linked to Fitting Workman to Job,’’ Coal Age, November, 
1941. 
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The total number of women in these groups had declined by 
about 20,000 since 1932, the number of men by about 313,000. 
Exact comparisons usually cannot be made in specific groups 
because of many shifts in classification. However, in one— 
automobiles and their equipment—women had increased by 
about 4000 while employment of men declined by about 52,500. 

Most of these industries had to be converted from production 
for consumers to production for defense. A few already were 
producing war materials, and in most of these women’s employ- 

_ment had declined, though in aircraft making it had increased by 
45 per cent. Chief among those producing war materials were 
the following: 


Women, 
average Per cent 
Industry number of total 
Aluminum products (ingots, castings, plates, 


RESPONSE OF WOMEN TO TRAINING 


Nineteen-year old Evelyn Duncan went to a Birmingham 
factory and asked for war work. She said she wanted to operate 
a capstan lathe. The production manager looked at her, saw a 
slight, frail girl and told her that she wasn’t strong enough. He 
would give her some other job. But she was so disappointed that 
he relented. All right, she could have a lathe. So she was 
given training... That was two years ago. - On Saturday night 
the frail girl stopped her lathe after a six-day week’s work. She 
had just set up a world’s record by turning out in the week 
6130 A. A. shell components, 1130 more than the previous best. 

The training programs for women in Great Britain are con- 
siderably in advance of our own training programs for women 
here in America. Originally all training in technical processes 
was done on the job itself. As specialization grew, however, 
specialized technical training became necessary, and training 
centers, specially equipped, grew up outside the workshops. 
Thousands of women owe their ready absorption into Brit- 
ish war industry to the intensive training they received from the 
skilled instructors in Government training centers. 

It had been the policy of the Ministry of Labor and National 
Service to encourage trainees to develop to the full their capaci- 
ties as working men and women. To this end a course of train- 
ing extending over a period of four months or even longer, in the 
postwar years, was the normal practice. Today a more rigorous 
standard of selection is being undertaken and initial courses of 
from four to eight weeks are given to all entrants to training and 
only those showing particular aptitude for engineering work are 
retained for the long course. The department aims to avoid 
overtraining in those instances where a short course of a few 
weeks is sufficient.* 

Industry of Great Britain is likewise reducing the time of its 
training programs in order to place workers on the job as quickly 
as possible. According to one plant manager, once the fear of 
the machine is overcome women learn quickly due to their usage 
of mechanical equipment in past years. They are keenly con- 
scious of the value of the metal they machine and make few errors. 
Of four hundred to five hundred women trained in a compara- 

tively short time, only six failed to make good on production.® 

In some plants, women were working satisfactorily on machine 
and assembly operations for which, in certain other plants, 


«8 “New Chronicle,” Engineering Bulletin No. 6, November, 1941. 

“ Engineering Bulletin No. 10, March, 1942. 

* “The Employment of Women in Canadian Gun & Rifle Fac- 
tories.’ January, 1942. 
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LANCASTER—INCREASE IN ADAPTABILITY OF WORKERS TO JOB REQUIREMENTS 


women have not even been considered. Though most of the 
plants have not offered any special training to women for job 
progression and upgrading, have not tried to give them training 
or responsibility for set up of machines, and have limited their 
work to unskilled repetitive tasks, the generalization often is 
made that women have no mechanical ability, interest, or apti- 
tude. In a few plants where they are allowed to do so, some 
women set up their machines, a responsibility of many women in 
British factories. 


TRAINING Deve.orps INCREASED ADAPTABILITY 


In England there is abundant evidence that the contribution to 
the war effort made by Government Training Centers has been 
immense. Innumerable unsolicited testimonials bear witness 
to the work of these Centers. Here is a sample: 

No doubt you will be interested, and gratified, to learn that two 
of the women who passed through your Training Center as trainee 
toolmakers have now, after a period of only a few months, proved 
extremely capable and efficient at press toolmaking. We have left 
them to make blanking tools throughout, and work which they have 
recently done reflects great credit on them and the initial training. 
It is very pleasant for us to record these details, as it shows that in 
our particular instance the dilution of skilled labor in toolmaking is 
being carried out with great success.“ 

Those who doubt the possibilities of women trained in a couple of 
weeks to run the machine to which they have been allocated should 
be interested in the experience of a machine-tool works at Halifax. 
Here women are engaged in bench and machine work, and all on lathe 
parts. Under supervision, they operate—Herbert & Ward capstan 
and turret lathes; Small surfacing and boring lathes; Sunderland 
gear planers; Fellows gear shaper; Churchill internal grinder; 
Churchill external grinder; Archdale miller; Archdale sensitive 
drill; Hey tooth rounder; Defires keyseater; Pratt & Whitney 
duplex spline miller.® 

Two thirds of the workers on rifle production are women. The 
first group were trained in the plant. Today girls go to the technical 
high schools for a three weeks’ course under the Dominion-Provincial 
War Emergency Training Program. Two weeks are given over to 
learning the principal machine tools and one week to bench work. 
Thereafter, the women are assigned production jobs under section 
men and foremen. They begin with less exact machine operations 
and are advanced to more difficult work with experience.® 

Women comprise a much larger proportion of the munition makers 
abroad than in the United States. In the London Times of May 11, 
1941, a representative describing a visit to the new Royal Ordnance 
Plant in Wales reported that 80 per cent of the workers were women. 
None had more than 7 months’ experience, and the majority had less. 
A supervisor expressed the opinion that a typically intelligent girl 
trained in the factory was as efficient at her work after 6 months 
as the average boy who had worked longer.® 

So far as capstan operating is concerned, experience in the North 
Western Division is particularly enlightening. Many firms are 
concerned, and in relatively few of them are women restricted to 
work for .0Ol-in. limits. Hobson’s limits for women are .0002-in. 
while Rolls Royce have women working to .0001-in. limits.” 

At Newton-le-Willows women are trained and are now operating 
ordinary 8-in. lathes, that have been speeded up for brass work. 
They turn out the parts to fine limits, bored, turned, and screw cut. 
This is not ordinary repetition work either, for the jobs are commonly 
put through in small numbers—say only a dozen at a time. The 
charge-hand shows the woman how to produce the first one, and she 
then finishes off the remainder, exactly as a male operator would. 
Working with calipers and micrometers, the women have become 
“very efficient.” One of them is getting a man’s rate, and earning 
up to 75 per cent bonus weekly.”! 

Six-weeks’ basic training at a technical college has enabled women 
trainees to operate 16-ft-long gun-barrel boring lathes at a Royal 
Ordnance Factory.?? 


* Engineering Bulletin No. 4, September, 1941. 
Metal Works, Ltd.) 

* Engineering Bulletin No. 1, June, 1941. 

* “The Employment of Women in Canadian Gun & Rifle Fac- 
tories,” January, 1942. 

® Bulletin of the Women’s Bureau, No. 189-2. 

” Engineering Bulletin No. 1, June, 1941. 

| Engineering Bulletin No. 1, June, 1941. 

7 Engineering Bulletin No. 1, June, 1941. 
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After three months’ experience of general machine-shop work in 
a Scottish optical factory, women work to drawings and set up their 
own jobs, even for such work as cutting double square threads.’% 

After a two months’ course at an A.I.D. Training school, ex- 
trainees from one Center took the first five places in the recent final 
examination.74 

A woman trainee, subsequently placed as an assistant examiner 
with the A.I.D., came first of a class of nine, (seven men and two 
women) in a recent A.I.D. written examination.” 

A woman trainee at a Government Training Center in the south 
of England was recently placed with the Mechanical Engineering 
Department of one of H. M. Dockyards. At the Center the woman 
had turned out work as good as that produced by any male trainee 
in the Center’s history. After a little time in her job at the Dock- 
yard she was put in charge of all the women employed in the Me- 
chanical Engineering Department.7¢ 

Machining tank bogie wheels (steel) which is usually considered 
a highly skilled man’s job, is being done after only 7 weeks’ training 
by a woman at a factory in the North East Region. She operates a 
War No. 9 machine, and the wheels (which are machined al! over) 
have a 13-in-diam flange. They are bored to standard with an 
allowance of .003 in. for finishing on mandrel. The girl, formerly 
a textile operative, works to a micrometer for sizes. The manage- 
ment is proud of her.” 

A government trainee engaged by one firm as an instrument 
maker proved particularly efficient on lathe work. The firm which 
had taken her on therefore employed her as a tool turner. She 
showed such aptitude that she did this work as well as men who had 
been for some years with the firm.’8 


Wuo Is TRAINED? 


The following division into age-groups of the women em- 
ployees, and the approximate percentage of each group in rela- 
tion to the total number of women employed at one of the larger 
factories in Great Britain is of special interest. The 30-40 and 
the 40-50 age groups are remarkable for their size; and the 
quite considerable proportion of ‘‘over 50’s” is striking testimony 
to the way in which the older women of the neighborhood have 
rallied to the firm: 


Age group 
18-20 
20-30 
30-40 
40-50 
50-60 
60-70 


Percentage 


Before the war women were found mainly in the press shop and 
on inspection work; and a visit to the press shop today is par- 
ticularly interesting. The press-shop foreman was very en- 
thusiastic over the work now being done by the women. For his 
work he definitely prefers a woman over 30 years old; and while 
he considers the best age is between 30 and 40. there is no age 
limit, and his staff includes one woman of 64 years of age (she 
operates a press) and many others well over 40. 

As a matter of special interest, the press shop claims a record 
of five grandmothers on its staff! In this and other departments 
women are used on all the usual run of machines, such as capstan 
lathes, facing lathes, drilling machines, thread-milling machines, 
centerless grinders, automatics, tapping machines, and power 
presses. They also work on welding, assembly, and inspection.®? 

Fitting and assembly are other spheres where women seem 
particularly suitable after a short training period. Complete 
wing assembly. as well as cabin details, bomb sights, wireless, 
and landing gear are armong the aeronautical examples, while the 
complete assembly of 2000 typewriter parts affords an instance 
from an entirely different sphere. Press operating also is com- 


73 Engineering Bulletin No. 1, June, 1941. 

74 Ibid., No. 6, November, 1941. 

% [bid. 

7 Tbid. 

7 Engineering Bulletin No. 10, March, 1942. 

78 Engineering Bulletin No. 7, December, 1941. 
7 Engineering Bulletin No. 11, April, 1942. 
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monly done with success by women working under widely vary- 
ing conditions. 


MECHANICAL AIDS FOR WOMEN OPERATIVES 


During the war of 1914-1918 women undertook a good deal of 
heavy work formerly performed by men, and this led to a govern- 
ment-sponsored inquiry into the whole question of weight 
lifting. A pamphlet describing the study states: “From a 
consideration of the physique of women in the heavier industries 
it would seem as if women workers are naturally attracted by 
and retain work for which they are physically fitted. The weight- 
carrying capacity of these selected—perhaps ‘self-selected’— 
women is remarkable. Women seem to know their capacity to a 
nicety, and in spite of the undoubtedly heavy work they under- 
take in certain industries they rarely figure in accidents due to 
weight lifting and carrying.” 

Fortunately today’s problem has been simplified by the intro- 
duction of numerous mechanical aids. Most firms have installed 
cranes and hoists, telphers and conveyers, and other such de- 
vices, which have made possible the large-scale employment and 
training of women who, with the aid of these devices are today 
handling 180-pound shells with ease.*° 

The increase in the adaptability of women to the skilled trades 
has been amazing, even in the heavier war industries. When all 
the causes are summed up, the following results are revealed: 


1 Today’s war does not require the extensive readjustment of 
training methods and processes that was so necessary in the first 
World War. 

2 Women excel in work requiring care and constant alertness, 
use of light instruments, such as gages, micrometers, vernier 
calipers, and can be trained for this work in an amazingly short 
time. 

3 Women also excel at work requiring manipulative dexterity 
and speed, which work skill has been brought about by the use 
of the many high-speed mechanical devices of today. 

4 Women can operate with skill large machines on heavy 
work because such work has been made easy by the use of im- 
proved lifting and handling devices. 

5 Industrial gates have been opened to women employees 
during the past few years, and thousands of women are equipped, 
for the first time in history, with the mechanical knowledges and 
skills necessary to produce needed materials for today’s war. 


Management Research 
By EDWARD H. HEMPEL,*: NEW YORK, N. Y. 


“As a function of industrial operation the art of management is 
now firmly established because of the general acceptance of the 
fundamentals. The promise of the future is to lead to a higher 
professional standing through the development of intellectual, 
societal, and moral attitudes and values.” 


L. P. ALFrorp, 1932. 


Tue Score or Tu1s REPORT 


n mechanical, chemical, or any other branch of engineering it 
if is relatively easy to discern and segregate research from 

actual work performance or established practice. In man- 
agement matters this is more difficult since often enough research 
is made merely a process of thinking up a new method of doing or 
organizing, which then is immediately applied without much 
experimental work or scientific description. The good old habit 

*% Engineering Bulletin No. 7, December, 1941. 


81 Assistant Professor of Industrial Engineering, Columbia Uni- 
versity. Mem. A.S.M.E, 


of doing, describing, and publishing research work on manage- 
ment subjects has become much less frequent than it was during 
previous decades, It seems that the last ten years have been 
perhaps too hectic and disturbed to induce the composition of an 
extensive “research” literature on management, and that the 
progress which has been made expressed itself more in actions and 
practical work than in treatises on new ideas, 

Many who actually do management work do not identify part 
of it as “management research,” although it might fall under this 
heading. Even definitely new and novel ideas, policies, methods, 
and applications of management are still merely considered as 
part of the daily job, as improvements, or routine. They are not 
especially rated or reported by their authors as scientific achieve- 
ments, even if they would merit it, and are evolved by quite the 
seme methods of recording, fact finding, analyzing, modifying, 
and perfecting, exactly as novel ideas are developed in technica) 
research. 

Since there is no patent literature on management subjects, 
and the various contributions to management research are 
scattered widely and not always discernible or marked as new 
ideas, this report has been prepared for the very purpose of bring- 
ing out the new thoughts which have been added to the science of 
management. Efforts have been made to consider actually 
applied but not reported developments as well as those which 
have been reported in the literature. 

In view of the complexity of actual developments, and con- 
sidering the great number of books and articles published on 
management subjects during the last ten years, the tracing of the 
progress in management research has been a sizable task, and, 
in spite of all efforts, the findings may not be complete. But it is 
hoped that the following will bring into focus at least the most 
pertinent developments. Most difficult has it been to draw the 
line where “economics” ends and “management”’ begins, or vice 
versa, since the two fields have become much more closely inter- 
woven than ever before. 


GOVERNMENT RESEARCH 


The government, having at its disposal not only millions but 
billions of dollars year after year, undoubtedly has taken over the 
lead in economic and management research. As it extended its 
influences, and later on its activities, from welfare and unemploy- 
ment-relief programs into labor legislation, then into centrally 
directed defense production, and now into outright contro! of 
most war and many civilian activities, it extended its research 
facilities far beyond any precedent. Vested with legal powers of 
inquiry and investigation it could obtain data and information as 
no other researcher or research institute ever had at his disposal. 

The Departments of Labor, Interior, Commerce, Justice, 
Treasury, Agriculture, alone or together with special Committees 
(Temporary National Economtc Committee, for instance), and 
quite a few new Administrations (N.R.A., W.P.B., O.P.A., 
R.F.C., Economic Defense Board, etc.), all have researched 
extensively in subjects pertaining to the field of management, 
and to some extent they even have developed management and 
administrative policies and techniques of their own which should 
not be overlooked. The War Department, for instance, employ- 
ing close to one million people in technical or administrative work 
certainly became the biggest single employer and producer prac- 
ticing administrative as well as technological management. 

A great many of the more recent government activities in the 
field of management have not been described as yet, and of the 
research studies made during the depression and recovery years 
many are predominantly legal or economic in character. But 
those which clearly deal with management subjects are listed in 
this section under the proper subject titles. 
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INDUSTRY AND TRADE ASSOCIATION RESEARCH 


While even in “normal” times quite a few management prob- 
lems are being investigated by the associations for the benefit of 
their members, the subjects added during the last 10-year period 
were unusually numerous. The main efforts were directed on the 
economic and legal aspects of management and operation. The 
occasions to make such studies were caused either by extraor- 
dinary economic developments or by new government policies 
or administrative regulations. 

A fairly good survey of what were the main industrial problems 
and how American Industry proposed to solve them, can be ob- 
tained from a study of the “Annual Declaration of Principles” 
proposed at the Annual Congresses of the National Association of 
Manufacturers, which are well complemented by the speeches 
and papers presented at the meetings. They also show how the 
traditional concepts and practices of industry were gradually 
assimilated to the new thoughts. 

Besides, nearly every one of the many trade associations cov- 
ered those specific difficulties and problems which were of par- 
ticular interest to their industries. The Food, Drug, and Cos- 
metics Act, the N.R.A., O.P.A., Wagner Act, and quite a few other 
regulations were considered by nearly every association, which has 
caused a considerable literature of its own. As interesting as 
some of these presentations are, no effort has been made to incor- 
porate them into this report. 


ScIENTIFIC AND PROFESSIONAL ASSOCIATION RESEARCH 


The research efforts of most of the scientific and professional 
institutions have been extended considerably into the economic 
aspects of management and in general more thorough work and 
thought has been applied in the various subjects covered than in 
past decades. 

Outstanding in this respect are the publications of the American 
Academy of Political and Social Science, which has sponsored the 
investigation of the most important problems of the period and 
has published the findings in book form. Arranged in chrono- 
logical sequence they show the following list: 


1931 Insecurity of Industry. 

The Coming of the Industry to the South. 
Essentials for Prosperity. 

Social Insurance, 

Social Welfare in the National Recovery Program. 
Banking and Transportation Problems. 

The Ultimate Consumer; A Study in Economic Illiteracy. 
Pressure Groups and Propaganda. 

Increasing Government Control in Economic Life. 
Economics of Planning. Principles and Practice. 
Education for Social Control. 

Railroads and the Government. 

Government Finance in the Modern Economy. 
Progress of Organized Labor. 

Revival of Depressed Industries. 

Consumers’ Co-operation. 

Present International Tensions. 

Government Expansion in the Economic Sphere. 
Ownership and Regulation of Publie Utilities. 
Refugees. 

When War Ends, 

Marketing in Our American Economy, 

Billions for Defense. 


1933 


1934 


1935 


1936 


1937 


1938 
1939 


1940 


1941 


The nearest to it in systematic completeness are the publica- 
tions of the Chamber of Commerce of the United States whose 
pamphlets and bulletins support and extend the list: 


1931 Distribution in the United States, Trends in Organization 
and Methods. 

Banking Legislation. 

Federal Expenditures (annually). 

Federal Bankruptcy Legislation, Municipal 
and Corporate Organization. 

Working Periods in Industry. 

Discriminatory Legislation Affecting Retailers. 


1932 
1933 


Insolvencies 


HEMPEL—MANAGEMENT 


RESEARCH 


1934 New Opportunities for City Planning. 

Local Code Problems. 

Standardization of Consumers’ Goods. 

Federal Budget and Recovery. 

Government’s Relation to the Power Industry. 
Quality Standards and Grade Labeling. 
Federal Taxation (3 Parts). 

Report of Committee on Employment. 
Co-operative Business Enterprises Operated by Consumers. 
Surtax on Undistributed Corporate Earnings. 
Farm Income in the United States. 
Restrictions on Price-Making Methods. 

Special Sales Events. 

Distribution Services and Costs. 


1935 


1936 


1937 


1938 
1939 


This is by no means a complete list of publications, and only 
titles related to management have been given. If tax and finan- 
cial topics would be considered in this field, the list would be 
appreciably longer. The publications of the National Industrial 
Conference Board and similar institutions are given under the 
specific fields of management to which they refer. 

The contributions to management research published by the 
professional societies are more restricted to the traditional man- 
agement subjects, as can be seen from the articles contained in the 
bulletins of the Taylor Society, the journal of the Society for the 
Advancement of Management, and in the publications of The 
American Society of Mechanical Engineers. While there are 
hundreds of articles they do not reveal any predominant trends. 
Attention is fairly equally distributed among all phases of enter- 
prise management. Quite a few of the presentations are merely 
reiterative, old principles are stated differently or applied in a 
new way; but there is sufficient material which shows the spark 
of real innovation and progress. To segregate these articles into 
those which might be called real advancements or progress in 
management, and into reiterations, has been the most time-con- 
suming part of this study. It might be well for the editors of 
management publications to either honor the “progress” articles 
by a star, or by printing them in a special “Progress in Manage- 


ment” Section, of their respective magazines. 
ScHOLASTIC AND ACADEMIC RESEARCH 


Professors and educational institutions established a greater 
number of courses on Management, and especially time-motion- 
and method-study courses have come into greater demand than 
ever. It seems that also Industrial Engineering, which is really a 
combination of engineering and production management, is com- 
ing more into its own since many companies have begun to at- 


* tempt real savings in the costs of their production. 


The many textbooks on scientific industrial organization which 
were brought out during the period were definitely more volumi- 
nous than in past decades, but not all of them represent progress. 
Some are definitely more academic and lifeless than they ought to 
be and they fail to inspire a student to think up new ideas beyond 
those which he needs to solve the “problems” offered in the book. 

More recently the tendency to bring out more specialized texts 
for the various fields of management has been a useful move, e.g.: 


Maynard, H. B.: 
Rautenstrauch, W.: 
1941. 


Operation Analysis, 1939. 
The Design of Manufacturing Enterprises, 


More of such texts on specific management subjects suited for 
graduate training, and closer alignment of the subject with actual 
practice, instead of adherence to generalization and assumed 
‘‘cases,’’ would be more desirable. 


RESEARCH IN ADMINISTRATIVE ORGANIZATION 


In this field relatively little new thought was proposed, because 
it was very well developed during the previous decade. There 
was obvious, however, a clear tendency to consolidate the knowl- 
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edge of management and to extend it, as is proved by many 
books and articles on this subject. Only a few are listed: 


Atrorp, L. P.: Cost and Production Handbook. Ronald Press. 
1934. 

WuitenHeap, A.C.: Planning, Estimating, and Rate-Fixing for 
Productive Engineers and Students. Pitman, 1933. 

Person, H.S.: Technique of Planning. Industry’s Contribution 
to Social-Economic Planning. Taylor Society Bulletin, No. 1, 
pp. 29-34. November, 1934. 

GESCHELIN, JOSEPH, and YouNGER, JoHN: Work Routing- 
Scheduling and Dispatching in Production. Revised edition, 
Ronald Press, 1942. 

TuHompson, 8S. E.: Optimum Productivity in the Workshop. 
S.A.M. Journal, 4, pp. 39-44. March, 1939. 

Lanpy, T. M.: Production Planning and Control of the General 
Electric Company. S.A.M. Journal, 1, pp. 3-8. January, 

1936. 


In actual practice a more definite placing of responsibilities and 
decentralization of executive functions could be noted and a 
general desire to co-ordinate the various departments of a com- 
pany or the sections of a shop into better functioning units. The 
number of companies using planning systems was increased and 
planning was adjusted to numerous specialized fields, for instance: 


Stone, N.I.: Systems of Shop Management in the Cotton Gar- 
ment Industry. Monthly Labor Review, vol. 46, pp. 1299- 
1320. June, 1938. 

Tuompson, H.L.: Going Straight Line. Advice out of the Cloth- 
ing Industry. Factory Management and Maintenance, vol. 97, 
No. 1, January, 1939. 


RESEARCH ON PROCUREMENT AND MaTERIAL CONTROL 


Up to 1937 neither the procurement nor the control of materials 
caused any difficulties. Nor was industry caught with great 
excess stocks and losses after 1929 as it had been after 1919. The 
various methods and systems of material control developed by 
scientific management were well established and successfully 
applied in most plants. 

Only as the various attempts to stimulate recovery failed to 
succeed convincingly, did the need for better co-ordination of 
purchasing with actual production requirements and for very 
close control of this phase become obvious: 


Zink, W. C.: Purchases Are Tied to Production. Factory Man- 
agement and Maintenance, vol. 98, no. 3, March, 1940. 

Lewis, H. T.: Standards of Purchasing Performance. Analysis 
of Purchasing Expenses. Harvard Business Review, no. 4, pp. 
480-493, July, 1936. 


Brecuin, C. H.: Standards for Handling Incoming Materials at. 


Westinghouse Electric and Manufacturing Company. Fac- 
tory Management and Maintenance, vol. 95, pp. 67-68. Sep- 
tember, 1937. 


When material scarcities became pronounced with the intensi- 
fied defense, lend-lease, and war programs, and aggravated by 
the loss of the Far Eastern material supplies, quite a few new 
features were introduced into the procurement of materials: 


War Propvuction Boarp, see Priorities Division, Materials Divi- 
sion, and Contract Division publications on Priorities, Sub- 
contracting District Offices, etc. For Scrap Salvage see: 
W. P. B., Bureau of Industrial Conservation. 

A.S.M.E., Committee on Conservation and Reclamation of Ma- 
terials. A.S.M.E. Annual Meeting, 1941. Mechanical En- 
gineering, January, 1942, p. 25. 

See also: 
Engineering Aspects of Industrial Scrap Salvage. Mechanical 
Engineering, June, 1942. 

Spooner, W.B.: Preference Ratings Are Your Job! Food Indus- 
tries, January, 1942. 

EpiTorIaL: Let’s Look at Substitutes. Factory Management and 
Maintenance, vol. 100, February, 1942. 

F.B.: How I Plan to Spread Defense Contracts (Division 
of Contract Distribution, Office of Production Management). 
Factory Management and Maintenance, vol. 99, no. 11, 1941. 
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Van VLISSINGEN, ARTHUR: Farm-Out Plan Adds 67% Capacity. 
Factory Management and Maintenance, vol. 99, no. 2, Febru- 
ary, 1941, 


The more recent economic, military, and political aspects of 


material procurement will be found covered in the following 
references: 


U. S. Senate, Committee on Military Affairs: Strategic and 
Critical Materials and Minerals. Hearings, 1941. Super- 
intendent of Documents. (U.S. 77th Congress, Ist Session.) 

U. S. TarirF Commission: Latin America as a Source of Stra- 
tegic and Other Essential Materials. Report No. 144, 2nd 
Series, 1941. 


On synthetic rubber and other chemical substitutes Chemical 
and Metallurgical Engineering and Chemical Industries have pub- 
lished excellent information. 


RESEARCH IN JOB STANDARDIZATION AND WorK SIMPLIFICATION 


Job standardization and work simplification are also definitely 
among those subjects which have been done in large scale without 
having been described much in the literature. Only occasionally 
do companies or their employees take out time to report on such 
work for publication. 

Also the methodical presentation of the scientific principles in- 
volved in this kind of work is still only tentative in character, 
partly because the field is a very wide one, partly because those 
developing the subject have not access to sufficient actual shop 
information, and in school laboratories only some kinds of work 
simplification can be experimentally developed. Nevertheless, 
progress has been made through the following contributions: 

Maynarp, Harotp B., and STeGeMERTEN, G. J.: Operation 
Analysis. McGraw-Hill Book Co., New York, N. Y., 1939. 

MoceEnsEn, H.: Work Simplification Conferences, Lake Placid, 
N. Y., and various publications (annual). 

Wansky, S. L.: Foremen Eat Up This Work-Simplification 
Course. Factory Management and Maintenance, vol. 99, no. 9, 
September, 1941. 

Kocn, B. C.: Motion Economy for All. International Business 
Machines Corporation, Factory Management and Maintenance, 
vol. 96, pp. 56-57, June, 1938. 

Kuopscn, O. Z.: Sat Down and Wrote Up the to Do and the Why. 
Wolverine Job Standards. Factory Management and Main- 
tenance, vol. 96, pp. 59-60, May, 1938. 

Carro.t, Jr., P.: Time Study for Cost Control. MeGraw-Hill 
Book Co., New York, N. Y., 1939. 

The techniques necessary for work simplification also have been 

advanced through new ideas: 

Barnes, RatpxH M.: Photocell Motion-Study Research. Various 
articles in Factory Management and Maintenance, vol. 97, 
no. 1, January, 1939, and subsequent issues. 

Kosma, A. R.: Motion Analysis in Three Dimensions. Stereo- 


scopic Method. Factory Management and Maintenance, vol. 
99, April, 1941. 


RESEARCH ON Cost CoNTROL AND BupGETARY CONTROL 


When sales declined during the depression, and especially when 
they declined to the dwindling point in 1932 and 1933, costs, cost- 
savings, and cost controls gained in importance. Therefore, cost 
accounting and budgetary controls which had been, so far, helpful 
in reducing costs were improved by many organizations. Mostly, 
however, the traditional methods of analyzing standard setting 
and budgeting of costs were found to be inadequate. The seri- 
ousness of the situation required more direct and truly effective 
measures. 

The first step taken was usually a careful check of the ‘book 
costs’’ of operation, processes, parts, or products as established by 
cost-accounting methods. It was found over and over again that 
even careful allocation or distribution of burden items did not 
give true actual costs. Furthermore, even if costs appeared to 
be fairly accurate, they still had to be brought down. 
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This led to the second step: A careful analysis and study of | new thoughts were contributed in this field. The literature is so 
each operation or process from a technical angle combined with the numerous that only samples can be offered: 


purpose of reducing costs. When this approach was found to be 
truly effective, quite a number of companies which previously 
had relied on accounting and budgeting controls began to build up 
industrial-engineering departments and by now the larger com- 
panies employ sizable technical staffs which control and try to 
reduce time costs by time and motion studies and revisions; 
material costs by trying out substitutes or cheaper materials; 
machine and tool costs by careful checks, redesign, and control of 
pertaining charges, etc. 

Thus the real cost control has been in many instances passed on 
from the cost accountants to industrial engineers, and cost engi- 
neering has become much more real than it has ever been, at least 
in the best managed and controlled companies. In the majority 
of plants, however, accounting cost control still prevails, with or 
without the use of standard costs and budgets to serve as measur- 
ing sticks. 

The literature in this field was ample and diversified. The 
following merely are samples: 


Bieetow, C. M.: Gone Are the Good Old Days; Suggestions for 
Reducing Costs. Factory and Industrial Management, vol. 83, 
pp. 17-19, January, 1932. 

Dutton, H. P.: How to Install and Operate a Cost Production 
Department. Factory and Industrial Management, vol. 83, 
pp. 413-415, November, 1932. 

Sittia, L. P.: Methods Engineering Will Get the Most Out of 
Your Plant. Factory and Industrial Management, vol. 81, pp. 
966-969, June, 1931. 

Knoeppgt, C. E.: Profit Engineering. McGraw-Hill Book Co., 
New York, N. Y., 1933. 

Gororsk!, I.: New Developments in Controlling Labor Costs. 
N.A.C.A. Bulletin No. 20, pp. 1-11, September, 1938. 

Gittespig, G. M.: Accounting Procedure for Standard Costs. 
Ronald Press, 1935. 

Peck, 8. A.: Managerial Aspects of Controls. N.A.C.A. Bul- 
letin No. 20, pp. 471-490. December 15, 1939. 

Carter, W. L.: Industrial Management and Accounting. 
Journal of Accounting, vol. 60, pp. 345-356. November, 1935. 

Warp-Benson, D.: Cost Control of the Belt Conveyor. The 
Department Recovery System. Mechanical Handling, vol. 
25, pp. 205-206. July, 1938. 

Mattet, L. C.: Problems in Costing Airplanes. N.A.C.A. Bul- 
letin 18, pp. 1152-1158. June 15, 1937. 

Expert, G. M.: Cost Accounting for Airplane Production. 
N.A.C.A. Bulletin 19, pp. 1333-1351. August 1, 1938. 

Krarrt, E. H., and Kine, H. F.: Budgeting for Varying Volume. 
Factory Management and Maintenance, vol. 99, June, 1941. 

Merritt, A. A.: The ABC of the Variable Budget. Factory 
Management and Maintenance, vol. 98, April, 1940. 


RESEARCH ON INDUSTRIAL MARKETING 


The most satisfactory features in the scientific progress made in 
this field are two: (1) A great deal of the superficialities and easy 
success philosophies which prevailed before the depression were 
abandoned under the convincing weight of actualities, and (2) 
More careful and detailed research was given to all those phases of 
industrial marketing, which were found worthy and useful of 
development under the more severe sales conditions. 

While at first the difficulties encountered in selling were ex- 
clusively economic in character, gradually also government regu- 
lations were introduced prohibiting below cost selling (N.R.A.), 
later on came price supervision, and finally O.P.A.’s War Price and 
Rationing Boards. The simultaneous co-ordination of all sales 
efforts to war demands and an ever-increasing amount of restric- 
tions on the manufacture of certain civilian goods created quite 
difficult sales conditions in some industries. 

Since also the consumer, consumer organization, the co-opera- 
tives, the development of supermarkets, product research, fore- 
casting, and the dependence of sales and selling on economic 
conditions were taken up as special research fields, a multitude of 


GarRLaNnD, C. M.: Depressions and Their Solutions. Guilford 
Press, 1936. 

Dutues, E. L.: Depression and Reconstruction. University of 
Pennsylvania Press, 1936. 

Hart, A.G.: Failure and Fulfillment of Expectations in Business 
Fluctuations. Record of Economic Statistics, vol. 19, pp. 
69-78, May, 1937. 

Frey, A. W.: Manufacturers’ Product, Package and Price Poli- 
cies, Modern Merchandise Management. Ronald Press, 1940. 

Stipstonge, G. W.: Field of the Industrial Engineer in Merchan- 
dising. S.A.M. Journal vol. 1, pp. 78-81, May, 1938. 

Cowan, D.R.G., How Sales Effort Can Be Audited. Advertising 
and Selling, vol. 32, pp. 41-43, June, 1939. 

Fox, W. M.: Profitable Control of Salesmen’s Activities. Me- 
Graw-Hill Book Co., New York, N. Y., 1937. 

Cowan, D. R. G.: Improved Standards of Sales Performance. 
American Statistical Society Journal, vol. 32, pp. 75-82, 
March, 1937. 

Ho.tueran, O. C.: Check Sheet, Introduction of New Consumer 
Products, With List of Government Sources of Market Re- 
search Material. U.S. Dept. of Commerce, Superintendent 
of Documents, June, 1935. 

HENDERSON, Leon: Consumer and Competition. Annals. P, 
363. 

Mann, W.: Do You Favor Consumer Research? The Sales 
Executives’ Forum. Sales Management, vol. 36, pp. 166-167, 
February 1, 1935. 


AGRICULTURAL ADJUSTMENT ADMINISTRATION, Consumers Counsel 

Divison: 
Consumers’ Guide, published semimonthly. 
Consumers’ Market Service, published semimonthly. 
Consumer Services of Government Agencies, 1936, 1937, 1938. 

U. S. NationaL Recovery ADMINISTRATION, Division of Review: 
Legal Aspects of Price Control. February, 1936. 

Ibid: The Control of Geographic Price Relations Under Codes of 
Fair Competition. March, 1936. 

Ibid: Minimum Price Regulations Under Codes of Fair Com- 
petition. March, 1936. 

Ibid: Price Filing Under NRA Codes. March, 1936. 

U. S. Coneress, Temporary NationaL Economic CoMMITTEB: 
Hearings. During these hearings the sales and price policies 
and methods of quite a few industries were investigated and a 
great number of other management subjects were probed. 
Among the references frequently referred to were: 

Means, GARDINER C.: Industrial Prices and Their Relative In- 
flexibility. 74th Congress, lst Session, Document No. 13. 

Nourse, E. G., and Drury, H.: Industrial Price Policies and 
Economic Progress. Brookings Institute. No. 76, 1940. 

Hamitton, W.H.: Price and Price Policies. McGraw-Hill, Book 
Co., New York, N. Y., 1938. 

Dennison, H. S., and Gausraitu, J. K.: Modern Competition 
and Business Policy. Oxford University Press, New York, 
N. Y., 1938. 


Many new thoughts were expressed in these texts and they were 


used to some extent as a basis for argumentation on the govern- 
ment’s side. 


The hearings were held for the “Investigation of Concentration 


of Economic Power’’ and they were published in 31 parts. Of 
special interest are the following: 


Part 1 Economic Prologue 
~ Patents 
5 Monopolistic Practices (5 and 5A) 
6 Liquor Industry 
7 Milk and Poultry Industries 
8 Problems of the Consumer 
ll Construction Industry 
14-17A Petroleum Industry 
18-20 Iron and Steel Industry 
21 War and Prices 
25 Cartels 
26, 27 Iron and Steel Industry 
30 Technology and Concentration of Economic Power 
31 Investments, Profits, and Rates of Return for 
Selected Industries 

31 A Supplemental Data 

Recovery Plans. TNEC Monograph No. 25, 1940. 
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REsEARCH IN JoB ANaLysis, JoB RaTING, EMPLOYEE MerRIT 
RaTING AND WAGES 


While in past years these subjects were still in their develop- 
ment stages, mostly theory, and considered as separate fields, 
during the period under review a considerable number of com- 
panies introduced all of these methods into their activities and 
daily practice. Tying them together and adjusting them to their 
specific needs, they began to investigate in fine detail the relation- 
ships between the characteristics of all jobs, then they established 
definite ratings for the jobs as well as for those doing them, and 
finally they began to establish wage rates in line with the findings. 
In this manner they arrived at truly scientific evaluation practices 
and solidly founded wage and reward policies. 

The main reason for this intensified scientific approach to job 
rating and wage problems was the ever-increasing pressure of the 
unions to obtain higher wages for any kind of job. These at- 
tempts could not be met in any other way but by a better co- 
ordination of job analysis with all the other problems. Thus the 
companies are now in a position to prove or check how a wage 
rate was arrived at and how it is justified by the character of the 
job. Once a wage structure can be “proved,’’ the unions have 
little left to attack it, and a most troublesome problem in labor 
relationship is solved or at least made more satisfactory for all 
concerned. 

While a truly impressive amount of work has been done by the 
companies, the unions, and also by federal agencies (Federal 
Security Agency—Employment Service Division), the literature 
contains little evidence of this research. The nearest to it are: 


U. S. EmMpLtoyMentT Service: Directory of Occupational Titles, 
Part 1: Definitions of Titles, Part 2: Job Families. Wash- 
ington, D.C.: Superintendent of Documents. 

Kress, A. L.: Howto Rate Jobs and Men. Factory Management 
and Maintenance, vol. 97, October, 1939. (Discusses Na- 
tional Metal Trades Association Rating Plan.) 

Mitts, N. G.: A Point Plan for Rating Jobs. Factory Manage- 
ment and Maintenance, vol. 98, December, 1940. 

CiaRKE, W. V.: Rating Employees. Personnel Journal, vol. 15, 
pp. 100-104. September, 1936. 

NATIONAL INDUSTRIAL CONFERENCE Boarp: Plans for Rating 
Employees. Studies No. 8, 1938. 

RieGEL, J. W.: Wage Determination. University of Michigan, 
Bureau of Industrial Relations, No. 138, 1937. 


RESEARCH ON PERSONNEL AND EMPLOYMENT PRACTICES 
(A) Wurre PERSONNEL 


The executive, his responsibilities and functional duties, came 
up for special study, and during the decade it was his performance 
which counted rather than his “superpersonality.”” New light 
also was cast on the role which the foreman ought to play in a 
good organization. 


SACKSTEDER, O.: Putting It Up to Department Heads to Swim or 
Sink. Printers Ink, vol. 156, pp. 98 ff, July 31, 1931. 

BarRNarp, C.J.: Functions of an Executive, 1935. 

METROPOLITAN INSURANCE Co.: 

Functions of the Production Executives, 1935. 
Functions of the Controller, 1935. 

Eppy, H. P.: What an Employer Looks for in a Young Engineer. 
Civil Engineering, vol. 6, p. 832, December, 1936. 

Lenz, A.: Foreman Has Keyrole in Maintaining Harmonious 
Relations With Employees. Chevrolet Foundries. Auto- 
motive Industries. January 12, 1935. 

Trns.Ley, J.F.: Foremen Invested With Responsibility Are Keymen 
to Success of Industry. Steel, vol. 95, p. 38, December 10, 
1934. 

Kress, A. L.: Foremanship Fundamentals. Factory Manage- 
ment and Maintenance, vol. 99, No. 10, October 1941, and 
Same: The Foremanon His Job. Factory Management and Main- 

tenance, vol. 99, No. 10, October, 1941. 


(B) Workers 
Hiring. While during the depression dismissals prevailed, the 
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requirements and standards for those to be hired were raised and 
actual skill was desired and tested for by the companies. They 
were not any longer satisfied with the mere fact that a man had 
“experience,”’ The unskilled or less skilled men were gradually 
absorbed by Works Provision Administration projects, or had to 
remain on relief. 
On this aspect of employment practices quite some literature of 
a social-economic nature was produced, but little was published 
treating this phase from the management angle. 
Aptitude Tests. With the defense program and its final 
evolution into full-fledged war production the necessity arose to 
select a great number of workers from the as yet untrained or only 
semitrained applicants. In order to avoid too great mistakes the 
“aptitude tests” previously developed were revived and new tests 
were developed to suit specific company or job needs. In most 
instances tests like those used in Army aptitude testing were 
applied. More specific testing methods were described by: 
Ropert W.: Help for the Hirer. Factory Management 
and Maintenance, vol. 98, no. 3, March, 1940. 

GILLETTE, Rospert W.: Tests Help You Hire Right. Factory 
Management and Maintenance, vol. 99, no. 10, October, 1941. 

Epirortau: General Electric Tests and Trains Meter Makers. 
Factory Management and Maintenance, vol. 98, no. 7, July, 
1940. 

Taytor, Haroip C.: The Selection of Subordinate Personne! 
Mechanical Engineering, November, 1941, pp. 807-810. 


Women in Industry. When the draft took many men from 
industry and prevented the availability of sufficient men as re- 
quired in the rapidly expanding war industries, women had to bi 
hired, at first only for light work in the aircraft industries and 
later on also for heavier work in mechanical shops. When 
women were paid the same wages as would have been paid to men, 
the results were considered as satisfactory. 


EpirortaL: What Women are Doing in Industry. Factory Man- 
agement and Maintenance, vol. 100, March, 1942. 

EpritrortaL: Enter Women—to Do Men’s Work. Factory Man- 
agement and Maintenance, vol. 100, April, 1942. 


Prevention of Seasonal Unemployment. Among the most note- 
worthy innovations in employment practices is the as yet limited 
tendency among employers to plan and provide for an exchange or 
shifting of employees from one company to others, so as to provide 
employment for the workers in off-seasons or seasonal slow-downs. 
More research and wider application of this practice with a view 
to postwar conditions are highly desirable. References so fai 
known are: 


Ep1ToriAL: Big firms interchange workers in Chicago to fit each 
other’s busy season. Business Week, January 28, 1939. 

Lum, M.: Swapping Workers in Seasonal Slacks. Nations Busi- 
ness, vol. 27, p. 44, September, 1939. 


U.S. Government Agencies for Employment. Another very im- 
portant feature in personnel administration is the establishment 
of various government agencies for the purpose of recording and 
using the manpower of the country to best advantage. The most 
important of them are: 


NationaL Resources PLanninc Boarp, National Roster of 
Scientific and Specialized Personnel, Washington, D. C. 

U.S. EmptoyMent Orrices, established throughout the country to 
assist in finding and placing workers, and 

U.S. Manpower Commission, Washington, 


RESEARCH ON LABOR PRACTICES 


This field was considerably reformed by government action. 
New laws and regulations were put into effect, discussed, and 
management had to be adjusted to them. A complete review is 
impossible but the following references should help in revealing 
the new developments during the period. 
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.8. Dept. or Labor: Annual Reports. 

. 8. Nat. Recovery ApMINISTRATION, Division of Review, Labor 
Studies Section: The Labor Program under the N. I. R. A.,5 
parts, March, 1936. 

S. Works Projects ADMINISTRATION: National Reseerch 
Project on Re-employment Opportunities and Recent Change 
in Industrial Techniques (Productivity of Labor, etc.). Vari- 
ous volumes 1939, 1940. 

Appraisal of Results of W. P. A. December, 1938 (Works Prog- 
ress Administration). 

. 8. Nationa, Lapor RELATIONS Boarp: Functions and Rela- 
tions to other Boards. Activities, ete. July 9, 1934, October, 
1934, and later. 

Decisions and Orders (Annually since 1936). 
Annual Reports (since 1936). 

8. DeparTMENT oF LaBor, Labor Standards Division: Digests 
of Labor Bills, Investigations, Health and Safety Regulations 
(Since 1935). 

DEPARTMENT OF LaBor, Labor Statistics Bureau. Studies on 
Unemployment Insurance, Employment, Pay rolls, Employ- 
ment Office Service, Labor Standards in Government Con- 
tracts, Co-operative Movement, Union Progress. 1934 and 
later. 

See especially: 
Labor Unions, Characteristics of Company Unions, 1938. 
Fair Labor Standards Act. Interpretive Bulletins on Methods 
of Payment, Maximum Hours, etc., 1938. 
LaBor RESEARCH AssociATION: Labor Fact Book. 
Publishers. 1941. 
McNavauton, W.L.: The Development of the Labor Relations 
Law. Complete Bibliography. pp. 182-193, 1941. 
Suticuter, 8S. H.: Union Policies and Industrial Management. 
Brookings Institute, 1941. 
TWENTIETH CENTURY FuNpD: Labor and National Defense. 1941. 

BaLpEerstTon, C. C.: Industrial Relations. (Misnomer) Execu- 
tive Guidance of Industrial Relations. University of Pennsyl- 
vania. 1935. 

WesTBROOK PEGLER was the most outspoken critic of labor prac- 
tices and especially of union policies. His editorials were 
published by the World Telegram and many other newspapers. 


International 


INCREASE OF ADAPTABILITY OF PEOPLE TO INDUSTRY 
(TRAINING) 

A great deal of effort and research was extended to the training 
of workers, foremen, and junior personnel, and excellent methods 
were developed by official as well as by private initiative. The 
Division for Training Within Industry (War Production Board) 
established a nationwide organization to assist employers in their 
job-training efforts by providing training-course outlines, instruc- 
tors, and material. While this work was exceptionally successful, 
hardly anything has been published as yet about it or the methods 
used. 

During the recovery period, and more recently, quite a few 
companies, and in some industries (aircraft, steel) nearly all of 
them, developed systematic training, ranging from fundamental 
job operations to complete training programs on technical and 
Management subjects. The following references are helpful in 
tracing at least the main developments: 


Cueney, A.S.: Workers’ Education in the U. S.A. International 
Labor Office Review, vol. 32, pp. 39-59, July, 1935. 

Ditping, P. L.: They All Go to School. Goodrich offers every 
worker an opportunity to get more education. Factory Man- 
agement and Maintenance, vol. 93, pp. 159-160, April, 1935. 

EprrortaL: Four out of Five Industrial Companies Training Em- 
ployees. Steel, vol. 101, p. 30, September 6, 1937. 

Epirortat: American Trains Her Industrial Army. Factory 
Management and Maintenance, vol. 98, November, 1940. 
Irwin, R. R.: Quick Training Gives Lockheed the Men It Needs. 
Factory Management and Maintenance, vol. 98, December, 

1940. 

Woop, T.: Training Operatives for Conveyor Production. 
Mechanical Handling, Vol. 25, p. 268 ff, September, 1938. 
STEPHENSON, A.: Training of Unskilled Labor. Engineering, 

vol. 145, pp. 347 ff, April 1, 1938. 

Vanpen Boscu, J. W.: Training People for Factory Work. 
Factory Management and Maintenance, vol. 98, September, 
1940. 
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The training of college and sul-colege type employees by com- 
panies, too, was intensified considerably and quite novel features 
were developed as may be seen from the following articles: 


A.S.M.E., Survey of Training for National Defense.—Government, 
Civil Service Commission, Navy Training, Aeronautics Indus- 
tries, ete. (Excellent). Mechanical Engineering, March, 
1941, pp. 183-194. 

STEVENSON, Jr., A. R., and Howarp, A.: General Electric Com- 
pany’s Advanced Course in Engineering. Electrical Engineer- 
ing, vol. 54, pp. 265-268. March, 1935. 

KrrBy, F. B.: Study Clubs for Employees. Abbott Laboratories. 
Nations Business, vol. 26, pp. 108-109. April, 1938. 

EpitoriaL: 50 Per Cent of Tuition Fee Paid. System, vol. 64, p. 
20. March, 1935. 

Davis, E.: Educational Refunds in Industry. 
versity, Industrial Relations Section, 1935. 

Freunp, C. J.: College Crop. Fitting Engineering Graduates 
to Their First Jobs. American Machinist, vol. 79, pp. 520- 
521. July 17, 1935. 

TeicHroEw, H. W.: Trade School Crop Vs. College Crop 
American Machinist, vol. 79, pp. 796 ff, October, 1935. 


Princeton Uni- 


RESEARCH ON MANAGEMENTS’ ATTITUDES AND INDUsSTRY’s 
RELATIONS WitH FEDERAL GOVERNMENT 


In view of the ever-growing importance of government policies 
giving a new background to industrial management, quite some 
literature evolved dealing with the new kind of relationship. As 
indicative presentations on this subject may be considered: 


CviarK, J. M.: Social Control of Business. McGraw-Hill Book 
Co., New York, N. Y., 1939. Second edition. 

Dykstra, G. O.: Textbook on Government and Business. 
laghan, 1939. 

FORTUNE MAGAZINE: 
October, 1938. 

Lege, M.G.: Government’s Hand in Business. 
Co., 1937. 

BuRNHAM, JAMES: Managerial Revolution. 

U. 8S. Nationa, ADMINISTRATION: 
Competition, Supplements, Amendments, Executive and 
Administrative Orders. For detailed information see U. S. 
Government Catalog of the Public Documents 1933-1934, pp. 
488 to 575. 

Puiturps, C. F. and Gartanp, J. V.: Government Spending and 
Economic Recovery. Wilson 1939. 

Kriumet, L. H.: Cost of Government in the U. S., National Indus- 
trial Conference Board, 1938. 


Cal- 


Business and Government. March to 
Baker Voorhis & 


John Day, 1941. 
557 Codes of Fair 


THe MANAGEMENT PROBLEMS OF THE FUTURE 


Which problems will be in need of special investigation and re- 


search in the years to come is as yet difficult to state. Manage~ 
ment’s problems and character will undoubtedly be finally formed 
by the present war, and following it by the prevailing government 
attitudes, but there are certain trends and indications, which 
allow to discern a few pertinent facts: 

The high taxation on corporate and personal incomes is bound 
to remain in effect for so many years to come that it will require 
lowest cost production and further research toward that end in 
all management branches pertaining to it. 

Organized labor and legislation on the rights of labor have be- 
come such strong factors in the industrial pattern that research 
will have to find better than present methods of reconciling 
labor’s and managements’ interest. Scientific management 
should prove itself superior to the policies and attitudes now in 
vogue. 

Considerable changes in materials and material supply will be- 
come permanent features and will involve not only technical 
problems, material and product research but will evolve also new 
methods of supply planning, expressing themselves in novel 
methods of purchasing and more improved stockroom manage- 
ment. 

The systematic co-ordination of production of entire industries 
achieved by now on an unprecedented and never-expected cen- 
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tralized scale will probably be modified, but its advantageous fea- 
tures will be maintained and novel schemes of industrial co- 
ordination may be expected. 

The art of selling and methods of distribution, deprived by now 
of much of their previous expensiveness, will have to be simplified 
further, and greater effectiveness and directness will be favorite 
subjects of research. 

Price controls and price ceilings are not popular in peacetime 
and will probably be abandoned; but determination of true costs, 
price setting, and pricing policies will be restudied and the volun- 
tary achievement of price stability will become more general 
policy as soon as it becomes better recognized as one basic pre- 
requisite for better planning. 

Military service, and especially the air-force training now given 
to millions of young men, specializing them in many new technical 
subjects and in their application under most difficult conditions, 
training them in teamwork, discipline and human co-ordination— 
all of this is bound to make a deep imprint on the management of 
tomorrow. 

Only time can and will point out more clearly the specific prob- 
lems and detail tasks which will have to be investigated for new 
solutions. 


Management Attitudes 
By ERWIN HASKELL SCHELL,* CAMBRIDGE, MASS. 


OME psychologists maintain that attitudes are much 
more the product of our surrounding culture than of our 
personal experience. I believe the attitudes of the man- 

ager are an exception to this rule. It is not what people say to 
him, but what the world does to him that orders his temper of 
mind. And when we examine his environment during the past 
ten years, what an extraordinary kaleidoscope of change lies 
before us. 

We first find our industrial economy in company with that of 
almost every other nation spiraling close to the bottom of a 
deep pit of international depression. And today, at the end of 
these ten years, we are well on vhe way to the greatest industrial 
output we have ever known. With such a spectrum of change 
before us, it is to be expected that management attitudes should 
reflect important adjustments. To say that these trends have, 
on the whole, marked progress is to make a bolder statement, for 
there are those who question if our standards of life have increased 
during this decade, even though standards of living in the United 
States have shown clear advance. 

There has been one fundarnental attitude which has revealed 
little variance during these years. It is management’s ever- 
present temper of extreme concern over the health and continu- 
ance of the individual business. In its highest manifestation, this 
is an attitude of responsibility; in its primitive form, it is an ex- 
pression of self-preservation. In either instance it is the product 
of the precarious state in which business and industry have found 
themselves. Even in normal times, as everyone knows, it is the 
exceptional establishment which weathers the pressures of com- 
petition. During this decade, the casualties have been unusually 
high, and the number of enterprises in this country, whose cor- 
porate life has for months or years literally hung by a thread, 
are numbered in the thousands. This basic fact has had little 
advertising value, and therefore has not been granted the weight 
that it deserves in explaining the attitude of industrial managers 
during these difficult years. The psychologists again tell us 
that people have public attitude; and private attitudes. When 
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management appears at times to strike out unreasoningly at 
whatever obstacle confronts it, we may be sure that the irritability 
displayed is due to a deeper concern which the manager bears 
for those whose welfare is in his charge. 

Yet we must admit that with the increasing waves of change 
which are sweeping across our country, we are witnessing two 
different managerial attitudes emerge. On the one hand, there 
are those reaching forward boldly and even eagerly to ride upon 
these wave-crests and to travel with them to the new. Others 
are turning and seeking the sand beneath their feet so that they 
may run for the shore. As this report is a component part of a 
larger survey of progress in management, we feel that we may 
properly deal only with the attitudes of those fighting folk who 
see in change an opportunity rather than a difficulty. 

Needless to say, managerial attitudes have been infinite in 
number and variety, for they spring into being with every in- 
dividual response to every managerial situation. To detail any 
fragment of these attitudes, therefore, is to open oneself to the 
inevitable criticism of omission or under-emphasis. Conversely, 
a commentator has the advantage of presenting his own viewpoint 
without fear of serious challenge, inasmuch as no objective 
measurement via attitude polls has, during this period, acquired 
sufficient reliability or validity to be scientifically dependable. 
As the advent of war during the last year has introduced the most 
radical changes in managerial attitudes occurring during the dec- 
ade, it will be reserved for the final topic in this presentation. 


METHODS 


The beginning of the ten-year period saw the end of the rapidly 
waning opposition to the advent of science in management. 
Again, almost the last barriers of secrecy in methods had disap- 
peared, the final stand being in the areas of new product develop- 
ment. Managers increasingly turned with favor to methods or 
procedures which could be mechanized and almost automatically 
operated. An extraordinary growth in clerical machinery and 
in control mechanisms reveals the readiness with which manage- 
ment has accepted the benefit of these devices. There has also 
been a change of attitude toward methods of maintaining quality. 
Originally, quality was viewed largely as a disciplinary problem. 
More recently, emphasis is being laid upon technical improve- 
ments in fabrication and in quality measurement as roads to 
improvement. As the period advanced, the presence of stand- 
ards was no longer viewed as an innovation but as a necessity in 
the same category as machinery or cash. In the Midwest, a 
whole new methodology has developed around the refinements of 
flow production, and a technique has been perfected which per- 
mits adjustment to demands for variations in product as well as 
rates of output. Perhaps the most dramatic change in managerial 
attitudes toward methods has been the accelerated acceptance on 
the part of industrialists of work simplification applied through 
the medium of foreman and employee training. 


FACILITIES 


Here, the greatest fundamental change in attitude has been 
the growing acceptance of process as the dominant element 
around which facilities are to be arranged. In many plants at the 
beginning of the decade, to move a machine required almost the 
same mental wrench as to move a tombstone. Today, flexibility 
of equipment and versatility in arrangement is sought by many 
aggressive managers. In the last analysis, the pivot upon which 
the enterprise turns in capitalizing upon the winds of change is 
now the resource of managerial and technical skill. Managers 
hold that facilities, materials, and products should be readily 
shifted and altered in order that these fundamental resources 
may be applied most directly and efficiently. 

In no previous decade has there been greater change and over- 
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SCHELL—MANAGEMENT ATTITUDES 


turn of orthodox methods of fabrication than in this. Flame- 
cutting, welding, die-casting, powder metallurgy, and the ad- 
vent of the synthetics have revolutionized many processes which, 
for over a hundred years, have held their position in our industries. 
These developments have called for a much more open-minded 
attitude on the part of managers than hitherto, a point of view 
easiest accepted by those who are familiar with the humilities of 
the scientific spirit. 


PERSONNEL 


In no field has the manager found it necessary so radically to 
vary his attitudes as in that of personnel. The economic holo- 
caust which swept across the world in the early ’30’s revealed to 
everyone that neither the individual establishment, nor the in- 
dustry, nor the combined abilities of a nation were sufficient to 
prevent unemployment. With perhaps 15,000,000 men without 
a place to work as our era begins, it was clear that marked 
changes in employee as well as employer attitudes must inevit- 
ably result. Out of the maelstrom of conflicting opinion, con- 
fusion, and dismay, there have arisen certain constructive atti- 
tudes which merit mention. The first is the growth in awareness 
of the dignity and importance of simple human relationships. 
At the height of the turmoil, one manager remarked, ““We have 
no idea how things are coming out. But one resolution we have 
made. It is that when the dust has settled, we shall have re- 
tained our personal friendships with our employees, which we 
have built up over so many years.” 

A second change of attitude is the increase in managerial 
interest in relation to the individual. As one executive put it, 
“Ten years ago, my foremen knew their employees by numbers; 
five years ago they began to call their men by their last names; 
then we swung to a first-name basis, and today (prewar) my 
supervisors are trying to know the members of the family as 
well.” Managerial attitudes have given new emphasis to the 
maintenance of employee goodwill. Complaints are viewed with 
greater concern; inequalities of basic wage have been the cause of 
extensive analyses in many plants, and the techniques of evolving 
mutually satisfactory working relationships between manage- 
ment and labor have been given far greater weight than in pre- 
vious years. To a growing extent, management is looking at per- 
sonnel as co-managers, rather than as employees, inasmuch as 
the manager of a machine is in many regards an executive in his 
own right, although his control is not over human stuff. 


SUPERVISION 


At the beginning of our period the importance of the supervisor 
was rapidly growing in the eyes of management. Yet the de- 
pression years forced many companies to skeletonize their organi- 

ations, and improvement in this sector resulted as much from 
the removal of mediocrity in supervisory personnel as from fore- 
man training. With the rapid acceleration in the growth of 
labor organizations, new problems of such severity developed that 
in many establishments management short-circuited the super- 
visor in an attempt to allay difficulties. The ineffectiveness of 
this procedure was soon recognized, and as our period draws to 
a close it is the growing attitude of management that to the 
greatest extent possible the supervisor should be trained to fulfill 
his new role of company representative in dealing with labor’s 
appointed departmental spokesman. 

A second curious error developed during this interval. In 
management’s anxiety fully to prepare the supervisor for his new 
duties, his loyalties to the company were so strengthened that 
his relationships with the men were somewhat weakened and the 
principle that a good foreman believes in his company but stands 
for his men was overlooked. This condition was quickly cor- 
rected, and today in our progressive establishments we find 
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management hoping that their first-line executives will be men 
whose heads are with the company and whose hearts are with the 
employees. 


VENDORS 


An interesting change of attitude is found here. During the 
ten years, vendors have been viewed less as adversaries in negotia- 
tion and more as partners in production. Indeed, one organiza- 
tion has required that its sources of supply be known as its re- 
sources. The mutuality of interests between vendor and cus- 
tomer has been more widely explored, and agreements upon in- 
spection methods and other technical details effected. Back of 
this change of attitude is the realization by management that the 
extreme fluctuations in the business world when shifts from a 
buyers’ to a sellers’ market occur almost overnight, make it 
necessary that beneath commercial relationships there should be 
constructed a stratum of fundamental goodwill and friendship. 
To maintain a lively competitive spirit has been found entirely 
possible without the corrosion of mutual personal regard and 
respect. These trends are reflected in the modern purchasing 
installations which give increased attention to the convenience 
of sales representatives and economy in their expenditure of time. 


STOCKHOLDERS 


It is a truism that in times of peril all animate life seeks pro- 
tection through closer relationships with its kind. The long de- 
pression followed by growing international uncertainties has 
doubtless been a contributory factor in the change of attitude on 
the part of management with respect to stockholders. At the 
beginning of our period the stockholder was a name in a big book. 
At the close of the decade he is a person who management sin- 
cerely hopes may become interested in the welfare of the business 
of which he is a part. Early in the decade when it became clear 
that management had lost the vote there were sporadic efforts 
made by some executives to awaken sudden interest on the part 
of stockholders. This was but a surface phenomena however, 
and a deeper and more hopeful change of attitude has been the 
tendency throughout the country to provide the stockholder 
with such facts about the business as will reflect the situation 
truly and yet simply. The problem has not been an easy one, 
inasmuch as the growing tendency of the American buyer has been 
to measure his purchases solely by results with less interest in 
the methods by which these results are obtained. 


Tue Pvustic 


Despite sporadic evidences to the contrary, management’s 


attitude toward the public has rarely been antagonistic. The 
physical nature of manufacturing processes with their screen of 
buildings and property have naturally insulated production from 
the community and the public. That there was any reason for 
closer mutual understanding and familiarity was little realized. 
But when it became clear that without such relationships industry 
might find itself in a weak strategic position, a wave of concern 
developed in these areas. Little by little it became clear that it 
was not only the privilege but the responsibility of management 
to make its activities an acceptable and understood part of the 
community. Applying the common principles of hospitality, 
management found it sound practice to “‘put the house in order 
before the guests are invited.” Frequently these preparatory 
activities took longer than was anticipated. As our period drew 
to a close many managers throughout the country were reflecting 
attitudes of satisfaction that such constructive steps had been 
taken and that such responsibilities had been shouldered. In 
some instances definite resources of immediate practical benefit 
to the company had been disclosed; in others potential gains are 
in the offing. Chief among the changes in attitude, however, 
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was the realization that the industrial establishment may wisely 
view its market as only a fragment of the public with whom it 
should be on close and friendly terms. 


GOVERNMENT 


When it became clear that the depression suffered in the United 
States was common to practically every other industrial nation, 
it became equally patent that our country as a unit must inevi- 
tably assume new responsibilities, undertake new activities, and 
develop new relationships with its people. Later when the 
fire of war began sweeping over the planet, it was doubly obvious 
that our unity as a nation must be given new significance, dig- 
nity, and implementation. Management’s attitude toward 
government during the past decade has been colored by the com- 
plete spectrum of human emotions. At one end of the scale we 
find intense antagonism and now at the other we find the height 
of loyalty and support. Over the period two simple facts have 
come to light widely affecting management attitudes. The first 
is that government has become the largest business in the country 
and that it is carried on by human beings who live and breathe 
as do managers. Indeed, many of these individuals are them- 
selves managers in but a slightly different field of endeavor. 

The second fact is that management increasingly has had need 
of government in view of the heightening world conflagration. 
These two certainties have gone far to lessen the pain of limita- 
tion which governmental action has inevitably found it necessary 
to throw about American business and administration. Man- 
agers and government officials are getting to know each other 
better, and attitudes of uncertainty and suspicion are changing 
to those of familiarity and mutual understanding. As the nation 
entered the war there was no question but that the trend of 
management attitude toward government was definitely in the 
direction of increased co-ordination, co-operation, and harmony. 


WarRTIME ATTITUDES 


While our so-called defense period served to usher the nation 
into a war-time economy under somewhat more gradual auspices 
than would otherwise have been the case, yet it is true that with 
Pearl Harbor there came a sudden, and in some instances, drastic 
change of attitude on the part of management. Still in a state 
of flux, these points of view are yet plastic in terms of current 
changes, and may be only incompletely discerned. Their ap- 
parent contour as revealed by recent contacts with several 
hundred wartime establishments may, however, be highlighted. 
Wartime attitudes toward method have fortunately responded 
promptly to the revolutionary point of view which the emergency 
made essential. During the initial stages, all thoughts of cost 
or efficiency had to become secondary to the objectives of sheer 
quantitative output. Where conversions were most severe, and 
where great expansion was called for, intelligent management 
sought effective production first and qualitative cost or economy 
values second. Already many firms are rapidly swinging to the 
intensive cultivation of qualitative manufacturing methods which 
will markedly enhance production without commensurate in- 
creases in expenditures. 

Wartime facilities proved an initial point of constriction. 
Once more management attitudes swung from costs to output as 
the dominant objective, with the ensuing refurbishment of old 
machines, conversion of existing facilities and building by com- 
pany establishments of their own new equipment. The wartime 
attitude is ‘‘any machine is better than none.” 
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A new note has been sounded in personnel relations which has 
been expressed by an able commentator as follows: 


In France, the nation collapsed in important part, because labor's 
spirit had been broken; because workers didn’t see much for which to 
fight; in England, the nation rallied in important part, because labor 
had a real stake in government; because workers felt that they did 
have a reason to fight; in Russia, the resistance exceeded all expecta- 
tions because the people felt that they had a stake in winning: 
because they had a reason to fight. 

Here nothing should be done to discourage workers, to give them 
the idea that there is little to defend. Everything should be done to 
give labor a big stake for which to show an interest and for which to 
fight.** 


Here is the underlying philosophy which is basing all de- 
cisions of personnel policy and which dominantly colors the atti- 
tude of constructive management. 

In the field of supervision, a new spirit has arisen. Super- 
visors increasingly take the attitude that they are working with 
their men for their country. A new quality of morale, not to say 
devotion, results from this feeling and we may anticipate an even 
closer bond of camaraderie between the rank and file of our in- 
dustry, as labor-management committees continue to grow in 
numbers. 

Never before have vendors attained so high a position of emi- 
nence in the eyes of the industrial buyer. The attitude of manage- 
ment is one of prayerful thankfulness they have been able to build 
any residue of goodwill which now may be capitalized in these 
relationships. Unquestionably, this new mutuality of interests 
the war has brought will go far toward effecting stronger and 
more creative opportunities for closer productive co-ordination 
between buyer and seller when the hostilities come to a close. 

As Army and Navy pennants are awarded and as trade litera- 
ture reveals the efforts companies are making in the interest of 
the nation, an unusual surge of support and enthusiasm has come 
from stockholders who now feel themselves, in part at least, re- 
lated to the war effort of the industries whose securities they 
hold. There is little question but that here the war is bringing 
stronger bases for close affiliation than have been enjoyed in 
many years. 

Never has industry been so inextricably involved in the con- 
cerns of the community as in this wartime period. The recruiting 
of our vast army has involved mutual sacrifices on the part of 
both to which each has cheerfully responded. Community and 
company have stood shoulder to shoulder facing the inevitable 
losses of industrial manpower which mobilization has demanded. 
At this writing, management is in the process of turning to the 
sisters and mothers of these young men for their assistance in 
manning machines and work places. New sociological relation- 
ships between industry and community are an inevitable outcome 
of these activities and closer contacts will continue to strengthen 
mutual understanding and regard. 

With respect to management’s attitudes toward government, 
the wartime temper can best be reflected by a distinguished manu- 
facturer who recently said, “Yesterday the man in the White 
House was my president; today he is my commander in chief.” 
To offer unselfishly, unfalteringly, and unreservedly the services 
of management to those in whose hands the conduct of the war 
rests is the kind of attitude upon which ultimate victory for the 
nation depends. Its wide prevalence throughout our land holds 
high promise for victory. 


83 United States News. vol 2 Aug. 2 1941. 
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Fig. 1 CHANGES IN TYPE oF BEARING Usep PRoGRESSIVELY IN THE SAME ENGINE AS Power Was INCREASED, AND ALSO Usep PRoGRES- 
SIVELY From SMALL TO LARGE ENGINES IN PRESENT-Day PRODUCTION 


(a, Conrad or “‘deep-groove” type. 


b, Notch-filled or maximum-capacity type. 


c, Same as }, but narrow or “aviation” width. d, Roller bearing.) 


Antifriction-Bearing Developments 


for Aviation Engines 


By THOMAS BARISH,' HYATTSVILLE, MD. 


Rapid advances in aircraft-engine design for higher 
powers have required corresponding improvements in 
antifriction bearings. From an intimate knowledge of 
the requirements the author presents a comprehensive 
outline of the progress made in bearing developments with 
particular reference to current practice. The discussion 
includes details of bearings for the following services: 
crankshaft, propeller thrust, rocker arm, supercharger, 
and controllable propeller. 


CRANKSHAFT BEARINGS 


PECIAL ball and roller bearings have been developed in the 
past decade for nearly every location on aircraft power 
plants. The departures from the industrial standard bear- 

ings were kept to a minimum, especially at first; mainly they were 
reductions in width for weight saving, or large corner radii and 
smooth finishes for reducing stress concentrations. In some places 
completely special designs proved necessary with increased re- 
quirements. 

The crankshaft bearings are by far the most difficult problem. 
They must take care of the following: 

1 Very heavy loading: for example, 10,000 lb mean and 14,000 
lb maximum on the front bearing of a 1000-hp, single-row, radial 


' Manager, Propeller Division, Engineering and Research Corpo- 
ration. Formerly Assistant Chief Engineer, Marlin Rockwell Cor- 
poration. 

Contributed by the Aviation Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of Toe AMERICAN 
Sociery or MECHANICAL ENGINEERS. 
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the Society, 
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engine on a bearing with 37/s-in. bore. These loads are doubled 
momentarily due to gyroscopic forces which reach a peak in a 
tight spin. 

2 Large shaft deflections due to these heavy loads, combined 
with minimum shaft thicknesses, the worst location being at the 
rear where crank-cheek yield and torsional vibration have their 
greatest effect. 

3 High speeds: The present peak is about 2800 rpm on a 
7'/,-in. bore for the center bearing of a two-row radial engine, 
giving 6000 fpm and requiring far better performance than stand- 
ard industrial bearings. 

4 Relatively high temperatures, especially in this same cen- 
ter location close to both rows of cylinders. 

Ball and roller bearings are employed on crankshafts only on 
the radial airplane engine, primarily because of their compact- 
ness and ease of replacement. They also afford less dependence 
upon a continuous oil supply, less susceptibility to deflections and, 
in addition, are valuable for the relatively slow progress of failure 
when it does occur. Usually the bearing will carry through to a 
landing and frequently remain unnoticed until major overhauls. 

For in-line engines, it would be very difficult to install roller 
bearings. German engines employ them on the large end of the 
rod and occasionally on the main bearings. Notable is the Daim- 
ler Benz rod-end rollers, which ride directly on a hardened crank. 
There is a probable saving in power and heat, perhaps 50 hp per 
engine, but this is questioned in the United States and may be 
checked soon. 

Radial engines were at first put into production with ball bear- 
ings on the crankshafts. The small and medium-sized engines 
still retain them as in Table 1. 

Notch-filled-type ball bearings, Fig. 1 (6), are used except for a 


(a) (0) (c) (4) 
et 
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few of the smallest lightly loaded jobs where Conrad or non- 
filling slot-type, Fig. 1 (a), are accepted as alternates.* 

The only common departure from standards is a reduction to 
“aviation widths” in the light or 200 series, Fig. 1(c), retaining 
the standard ball size and cages, bores, and outside diameters. 

Sizes were first selected by arbitrary rules, necessarily so since 
the calculated loads far exceeded the ratings. Actual experience 
on crankshaft ball bearings used loads up to 2.5 times the cata- 
logue ratings for mean loads and 5 times the ratings for take-off 
loads and speeds. 

The gathering of this experience followed the usual pattern for 
aviation work. Nine years ago, a No. 218 size (3.54-in. bore light 
series) was selected for the rear end of a 550-hp single-row radial 
engine. This same engine has been improved step by step to 
over 1100 hp with no change in bearing size. The first power 
increases eliminated the Conrad type (11 '%/\.-in. balls) and spe- 
cified only the notch-filled type (17'*/,.-in. balls). Even that 
was found unsatisfactory above 850 hp for air-line service with its 
extreme demands for reliability and long life (1000 hr are guaran- 
teed and 2000 are under consideration). A square-section roller 
bearing, Fig. 1 (d), of the same dimensions was then introduced, 
and finally the roller bearing needed improvement; all of this in 
the same over-all dimensions. 

These same steps are reflected in present production radial en- 
gines as size increases: Conrad-type ball bearings in the smallest 
group, maximum type in the medium-size group (Table 1), roller 
bearings in these same engines at their higher ratings (Table 2), 
and roller bearings of the revised designs for the latest and high- 
est ratings. 


TABLE 1 RADIAL ENGINES USING BALL BEARINGS ON CRANK- 
SHAFTS 


Group (1) 
Engine Horse- 
type power 
Le Blond 110 
Warner 150 
Rover 75 


Group (2) 
Lycoming 
Jacobs 
Continental 
Continental 
Kinner 


TABLE 2 CRANKSHAFT BEARINGS 


Engine Horse- 

type power Front Center 
Lycoming 214 Roller 
Jacobs 214V Roller 
Guiberson 216 Roller 
Whirlwind 216V Roller 
Wasp Jr. 215 Roller 
Cyclone Roller 
Hornet Roller re 
Two-row Was eas Roller 037 Roller 
Two-row Cyclone Roller 136 Roller 220 Roller 


214 Roller 
214V Roller 


Further increases in power required improvements in these 
roller bearings; investigations made in 1938 produced relatively 
minute but extremely important internal changes that brought 


2 The Conrad type, Fig. 1 (a) (formerly called ‘‘deep-groove type”’) , 
has continuous raceways and is assembled by raising the inner ring and 
filling the crescent-shaped opening with balls, then distributing the 
balls and adding the separator or cage. Hence, the bearings are only 
slightly more than half-full of balls. Note the spaces between balls. 
The notch-filled or maximum-capacity type starts to assemble the 
same way, but about 40 per cent more balls are added through notches 
in the side of the rings. These races are sprung or wedged apart on 
each side of the notch during this assembly operation so the notch 
need not start at the very bottom of the ball path. The increased 
number of balls produces more radial-load capacity. The notches do 
limit the thrust capacity of these bearings, but not so noticeably in 
the lighter series bearings used in aviation because the light rings can 
be sprung more without permanent harm and, therefore, have greater 
distances from the bottom of the groove to the beginning of the notch. 
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Brinetu Mark oF STRAIGHT 
Rotter oN Fiat Race 


Fig. 2) Typican 
BEARING FAILURE, SHOWING 
Stress CONCENTRATION 


Fig. 4 (Right) Rotter 
Wits SQuaRE BROACHED 
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to use some of the unrealized possibilities of this type.* These 
new features have become standard for all heavily loaded loca- 
tions: 

(a) Edge relief of rollers: required because the capacity is lim- 
ited by what happens at the edge of the long, thin rectangular 
contact area. The very high ‘‘Hertz” pressure (200,000 to 300, 
000 psi) along the center of the rectangle tapers off sideways but 
changes abruptly at the end having no side support. Without 
edge relief failure occurs as a shear under this edge (typical fail- 
ure Fig. 2). This stress concentration is strikingly indicated when 
a straight roller without relief is pressed into a flat plate for check- 
ing brinelling capacity (Fig. 3). A small crescent-shaped _per- 
manent deflection forms under the end of each roll. A small edge 
relief, of about 0.0002 in. (approximating deflections) produces 
startling improvement in life under heavy operating loads. 

(b) Crowning of the outer race: The very small deflection of 


3A Theoretical Comparison of Ball and Roller Bearings,” bY 
Thomas Barish, paper presented at the American Gear Manufac- 
turers Association Meeting, April, 1938. 
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BARISH—ANTIFRICTION-BEARING DEVELOPMENTS FOR AVIATION ENGINES 


roller bearings makes them extremely sensitive to misalignment 
or shaft deflections. The latter are considerable in airplane en- 
gines because shaft sizes are minimized. The total yield in a 
straight 1-in. roller is only about 0.0002 in., and a tilt of only 0.0002 
in. in 1 in. or '/;9 deg would shift the contact entirely away from 
one end. Even more serious, the loaded end tends to drag and 
swerves the roller to one side. Crowning the outer race track 
largely eliminates these effects and without loss of capacity be- 
cause the surface pressure of the concave outer race can still be 
kept below that of the convex inner. Crowning the outer race 
introduces serious production problems that have been satisfac- 
torily solved. 

A similar effect may be produced by crowning the rollers and 
leaving both race surfaces flat, but this may sacrifice part of the 
inner-race contact area, and hence part of the bearing capacity. 

Incidentally, the crowned race improves the load distribution 
among all the rollers as well as along the roller length because of 
increased deflections. 

(c) A new one-piece retainer design, with square broached 
holes (Fig. 4) permitting 10 to 20 per cent more rollers primarily 
designed to eliminate the rivets which have always been a hazard; 
the design permits complete disassembly of the bearing for over- 
haul inspection. The last feature is especially valued by the air 
lines. 

(d) A control of the oil flow to the critical points in the bearing. 

These design features produced (1) two to three times the life, 
(2) a marked reduction in operating temperaures and also (3) 
in noise in testing machines. Higher permissible operating speeds 
are indicated: In recent tests, a No. 219 size bearing (3.9 in. bore 
light series) ran 960 hr at 9000 Ib load and 6000 rpm. The load- 
carrying possibilities of these improved rollers have not been ex- 
hausted yet, especially at higher speeds. Probably much of the 
unusually high load capacity at top speeds results from the very 
low coefficient of friction and low heat generation.‘ 

Frequently all the inner rings of any one size are made inter- 
changeable for replacement of separate parts. This involves ex- 
tremely close production control and even then requires wider 
tolerances on internal looseness. 

Much effort has been expended on the subject of internal loose- 
ness and fits. Shaft galling, due to very high unit pressures with 
relatively narrow bearings, has been largely cured by increasing 
press fits to 0.0005 to 0.0007 in. minimum. Additional internal 
looseness is then needed, as the maximim press fits often reach 
0.0025 in. and inner races expand correspondingly. Research 
still continues on internal fits since theory indicates a marked drop 
in roller-bearing capacity for looser bearings. Also certain types 
of engine vibration can be helped by reducing looseness both in- 
ternally and around the outside diameter. Experimental check- 
ing on this is still in progress. 

High operating temperatures in bearings near the cylinders 
may produce slight softening of the steel and a small permanent 
growth (standard bearing steel S.A.E. 52100). Judging from this 
growth, the temperatures often reach 350 F. A new steel-draw- 
ing technique, ‘stabilizing,’ corrected this condition by the use 
of very much longer soaking. New alloys are on test to permit 
higher operating temperatures without much loss of hardness or 
growth. 

Some discussion continues as to the need of highly polished fin- 
ishes on all exterior surfaces including corner radii. This com- 
mon practice in the United States is not so general in Europe. 

These same roller bearings serve usefully in gearboxes with in- 
line engines. Several of the late United States engines follow 
English practice of eliminating inner races and having the rollers 

**Friction Torque in Ball and Roller Bearings,” by Haakon Styri, 
Mechanical Engineering, vol. 62, 1940, pp. 886-890. 
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ride directly on the pinion extensions or gear shaft, thus eliminat- 
ing fits, galling, and nuts for clamping. 


PROPELLER THRUST BEARINGS 


All but the smallest airplane engines regularly employ the sin- 
gle-row radial ball bearing for the propeller thrust and radial 
loads. The major departure from standards is in reduced “avi- 
ation widths.” 

The notch-filled and Conrad-type ball bearings remain stand- 
ard in all of the medium-sized group (Table 3). With the advent 
of constant-speed controllable propellers, the larger engines found 
it necessary to use only the Conrad type because of a great in- 
crease in take-off thrust. Take-off loads jumped from about 
2000 lb up to 5000 to 6000 Ib, and these momentarily encroached 
too closely on the beginning of the notch. 


TABLE 3 PROPELLER THRUST BEARINGS 


Engine type Horsepower Bearing type 
Le Blond 85 210M 
110 210M 
Warner 90 212M 
150 212M 
Kinner 100 211M 
160 212V 
210 214M 
Guiberson 185 215M 
240 216M 
Lycoming 300 213M 
Jacobs 170 212M 
300 213M 
Continental 300 214V 
Whirlwind 420 2148 
Wasp 550 2168 
Hornet 700 2178V 
800 2208S 
Cyclone 900 220SV 


Further increases in power (again without change in bearing 
size) brought forth a revival of an old (1912) Gurney bearing 
type with split inner race, comprising two angular contact-type 
bearings in a single row (Fig. 5)—what appears to be a 4-point 
bearing but is really two 2-point bearings—thus permitting a 


5’ Letter M in table means notch-filled “‘maximum”’ type, and S 
means Conrad type. 
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nearly full complement of balls, and a steeper angle of contact, 
with 2 to 3 times the thrust capacity. Again the bearing is de- 
signed to separate completely for thorough overhaul inspection, 
Fig. 6. 

English engines have been using a very similar design with two- 
piece outer race and one-piece inner. 

The propeller bearing must carry a very large momentary radial 
load because of gyroscopic forces when the airplane goes through 
violent gyrations. Coming out of a dive does not represent the 
peak; other conditions in the airplane limit the dive loads to 
about 10G. Far worse loads occur in a tight radial spin taken at 
2 radians per sec for bombers, and a possible 3 radians per sec 
for highly maneuverable pursuit ships. Theoretical moments of 
200,000 in-Ib produce forces taxing the bearings, especially when 
the two front bearings are relatively close together. 

On all but the largest engines, the front ball bearing carries this 


Fie. 7 Rocker-ArmM BEARING 


Fic. 8 TaperRED BEARING FoR Rocker ARMS 
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large momentary radial load as well as the thrust load. The larg- 
est engines frequently introduce a separate roller bearing for radial 
support, but recent tests indicate that the new split-inner-race 
thrust bearing may make the roller unnecessary. 


Rocxker-ArRM BEARINGS 


Fig. 7 shows a current large engine rocker-arm bearing. This 
is a one-piece double-row ball bearing, with the maximum pos- 
sible number and size of balls and no cage or separator. Tapered 
roller bearings of roughly similar design are used, Fig. 8. 

Very fine race finish and unusually accurate bearings help ward 
off “false brinelling,’’® a race-pocketing condition which results 
from the very short movements (about '/3: in. on the race path). 

Antifriction bearings of this back-to-back construction are 
common on radial-engine rockers, because the push rods angle 
considerably and produce severe sideways tilting effects, which 
this bearing type resists. One engine accidentally used the wrong 
type for resisting tilt; the resultant side movement of the valve 
roller produced elliptical wear of the valve guides and in one case 
broke off the valve head, with unfortunate results. 

The smaller radial engines still retain two single-row ball bear- 
ings opposed, thus obtaining a similar effect with standard parts. 

Besides relatively high loads, the rocker-arm location also in- 
volves high temperatures, high enough to definitely soften the 
common ball- and roller-bearing steels. Checks by the softening 
indicate 450 F frequently and higher in rare cases. Fortunately, 
these occur only during periods of maximum engine output and 
do not last long. The indicated research -is for steels that will 
maintain high hardness at these temperatures. 

Noteworthy is the fact that inner races suffer more than outer 
races. The heat evidently travels along the cylinder walls, and 
slight improvements might be obtained by reduced heat paths 
and localized greater cooling, where the strength requirements for 
rocker-box support permit. 

The same heat problem accounts for the relatively poor per- 
formance of the early, grease-lubricated, rocker bearings on high- 
output radial engines. The temperature undoubtedly baked the 
grease out rapidly leaving the bearings unprotected and adding 
a hard carbon residue that fostered false brinelling. High-out- 
put engines have now been converted to oil lubrication for rocker 
arms giving: 

1 Maintained lubrication. 

2 Covering of surfaces to help keep the air away and reducing 
the ‘‘fretting-corrosion” action of false brinelling. 

3 Better heat transfer to the cooling surfaces. 


Oil lubrication has not been found necessary on some of the 
smaller engines with lower head temperatures. 

On in-line engines where push rods are perpendicular to the 
rocker axis, no side tilt occurs}. ball bearings have not been found 
necessary; bushings prevail with occasional use of needles for 
their lesser oil demands. Bushings are also on test for the radial 
engine. 


SUPERCHARGER BEARINGS 


Extreme speeds and large power concentrations have been suc- 
cessfully met with the same superprecision ball bearings origi- 
nally developed for high-speed grinder spindles. A typical mount- 
ing, Fig. 9, delivers about 100 hp maximum at 36,000 rpm on 4 
3/,-in. shaft. The counterbore or one shallow-shoulder type 
(Gurney “radial”) is commonly used for its greater number of 
balls and for the one-piece retainer, made for this service out of 
tightly laminated bakelite tubing with cotton base. 


6 “Lubrication and False Brinelling of Ball and Roller Bearings,” 
by J. O. Almen, Mechanical Engineering, vol. 59, 1937, pp. 415-422; 
also discussion by Thomas Barish, Mechanical Engineering, vol. 59. 
1937, pp. 703-704. 
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BARISH—ANTIFRICTION-BEARING DEVELOPMENTS FOR AVIATION ENGINES 


Note one of the three bearings carrying only the thrust load re- 
sulting from the air pressure on the back side of the rotor. The 
occasional reverse loads are taken by one of the radial supports. 
This isolation of radial and thrust loads yields more capacity per 
space and theoretically allows higher top speeds. 

One very difficult problem is sealing against blower pressure, 
alternating with high suction when throttled. Oil leakage at this 
point may dangerously foul the valve system. In very similar 
designs for cabin superchargers, the seals must be so tight as to 
prevent a leakage of even a “smell” of oil. The most common 
method provides two seals with a very liberal drain to the atmos- 
phere between them to carry off any engine-oil leakage and to 
permit only air leaking into the blower system. 

The design of Fig. 9 was at first frequently used with two cy- 
lindrical roller bearings and one Conrad ball bearing for thrust only 
but in the United States was superseded by the three interchange- 
able radial-type ball bearings shown. However, it is now ques- 
tionable whether the change in bearing type contributed as much 
to the great increase in reliability as did the increased accuracy 
and certain radical changes in mounting principles: 

(a) Liberal oiling instead of the scant lubrication previously 
thought necessary for top speeds. However, the lubricant is not 
passed through the bearing but is permitted to wash off the sides, 
serving mainly for heat dissipation and temperature equalization. 
In one test on an engine with thermocouples on the bearing outer 
race, the temperature started at 295 F with very slight oil feed; 
gradually dropped to 225 F as the oiling increased, and then 
started to rise again slowly. These temperatures may seem high, 
but the entering oil starts at 170 to 190 F. 

(b) Relatively loose bearings and looser fits in the housings. 
An extensive German test’ indicated that the internal looseness 
served mainly for oil films which otherwise developed excessive 
heating at high speeds. Allowances must also be made for appre- 
ciable temperature differentials, especially when an aluminum 
housing may be considerably chilled by a large volume of very 
cold stratosphere air. In one extreme case, the bearing outer 
race needed 0.0025 in. radial looseness in the housing. 

(c) Present bearing-capacity tables are practically ignored. 
Apparently the lower loads that go with extreme speeds are all 
within the “fatigue limit.”” The major problem is removing the 
heat generated within a small volume of metal. Even with very 
low coefficients, there is an appreciable friction energy to be dis- 
sipated because of extreme speeds and high power. Based on 
present ratings, factors down to 0.35 (load/rating) are in use here 
and 0.20 on one foreign military engine. 

In spite of these low factors, astonishing reliability has been 
achieved at high speeds; as low as one or two field failures in 
10,000 sets. Of course, this is based on conservative air-line prac- 
tice of replacing supercharger bearings at every major overhaul 
(500 to 600 hr) even though it is rarely indicated by the condition 
of the bearings. 

Antifriction bearings prove highly desirable for the overhung 
rotors, because the bearings are so’ close together, and small ra- 
dial and axial clearances must be maintained between the blower 
and casing. Some superchargers ‘‘straddle”’ mount the blower 
between bearings, and bushings become more practical, but they 
involve high oil flow and careful design, especially for thrust load. 
One European design employs a bushing at one end and a ball 
bearing for thrust and radial loads at the other end. 


CoNTROLLABLE-PROPELLER BEARINGS 


The blades of a controllable propeller require rigid support and 


7“Experiments on Ball and Roller Bearings Under Conditions of 
High Speed and Small Oil Supply,” by Gunter Getzloff, Luftwaffe 
Forschung Jahrbuch, 1938. Translated in N.A.C.A. Technical 
Memorandum No. 945, 1940. 
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Fig. 10 Fuat-PLate THrust BEARING FOR CONTROLLABLE PrRo- 
PELLER 


fairly free rotation for blade-angle changes. The bearings must 
be designed for the following: 


1 Extremely large centrifugal forces (200,000 lb maximum). 
2 Aerodynamic forces at large overhangs. 
3 Severe tendency to vibrate and false-brinell. 


The late German and English designs use mostly tapered roller 
bearings or ball thrust bearings. 

One of the most popular makes of American controllable pro- 
pellers uses a flat-plate thrust bearing with short cylindrical rol- 
lers of square section, Fig. 10, and two separate bushings inside 
the blade for overhung air forces. Most of the other United 
States designs and one English propeller employ what is now 
called ‘‘stacked bearings’ (Figs. 11 and 12), a series of angular 
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Fig. 11 Stackep BEARINGS FOR HoLpING BLADES ON Con- 


TROLLABLE PROPELLERS 


Fig. 12 Orrset StacKep BEARINGS WitTH PRELOAD BEARING 


contact-type ball bearings, ground to divide load. Several rows 
of small balls dividing the load provide larger thrust capacities 
per pound weight and for the space than can be obtained with 
one row of large balls. The usual “‘stack’”’ weighs about 6 lb for 
250,000-lb-thrust brinell capacity, a very much higher intensity of 
loading than has ever been used before. 

To obtain such high capacities, the race curvatures are made to 
extremely close conformity with the balls. No retainer is now 
used, but may yet be introduced because of ball-to-ball scoring 
which, however, has not caused any failures. 

The race sections are cut to a minimum for space and weight 


8 The method of obtaining load division is described in an article, 
‘*Preloaded Antifriction Bearings,’’ by Thomas Barish, Machine De- 
sign, vol. 3, Oct., 1931, pp. 36-40. 
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saving but introduce serious production problems in maintaining 
tolerances and roundness. Also, large race distortions occur under 
the heavy loads. Although both inner and outer rings are loosely 
fitted for assembly, thrust load expands the outer and contracts 
the inner rings to provide very tight radial support. Further- 
more, this distortion is not uniform. The rings tend to become 
conical and polygonal. Race sections have been recently re- | 
designed with an “‘offset,’”’ Fig. 12, to keep the bores and outside 
diameters more nearly cylindrical under the load. 

Fig. 12 also shows a preload bearing. By pulling the stacked 
bearings very tightly initially against the preload bearing, all 
looseness is eliminated providing smoother throttling conditions 
and also less deflections under load for better location of gears on 
the propeller blade. The preload bearing also provides inner 
radial support even when the operating thrust of the blade re- 
moves all the preload. 

Load variations and vibration produce considerable working or 
“‘fidgeting’’ between the bearings and the blade and also on the 
outside diameters. Severe “galling” results, sometimes reaching 
the stage where it might be called “gouging.”’ This has been alle- 
viated by slightly looser fits, and even more by special plating, 
both on the blade and on the bearings; usually a hard material on 
the blade and a softer thin plating on the bearing bores. So- 
called antigalling lubricants or compounds have proved of little 
help as might be expected under very high unit pressures. Like- 
wise rustproofing or treating the surfaces has not so far been use- 
ful as the galling is not a true “false brinelling” or “fretting cor- 
rosion.”’ 

False brinelling refers more exactly to what happens at the 
ball-race contact under the continuous slight oscillations of an au- 
tomatic propeller. The most effective antidotes are, first, ade- 
quate bearing size to keep the unit pressures down and, second, 
complete submersion of the bearings in oil or special greases. In 
any case, the large centrifugal force packs the lubricant into the 
bearings quite tightly and a very effective seal is required. 

A new concept of “‘brinelling capacity” or “nonbrinell’’ ca- 
pacity has been developed in selecting the bearings for the oc- 
casional large momentary loads, i.e., the maximum load that can 
be applied without permanent surface deformation. A surpris- 
ingly large step exists between the first permanent surface im- 
pression visible under a small magnification and the first measura- 
ble depression. 

However, this brinelling capacity is not the only control on 
bearing size, since such loads cannot be employed often, and since 
the automatic propeller has eliminated large loads from momen- 
tary overspeeds as in a dive. The other control of size is resist- 
ance to false brinelling under normal loads and the brinelling 
capacity serves only as a method of comparison. 

Also worthy of mention is the development of smaller control- 
lable propellers where single-réw ball thrust bearings are likely to 
be standard for simplicity and low cost. 
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Normally the friction of a ball or roller bearing is small com- 
pared with the torque needed to hold the blade position against 


centrifugal “‘self-righting’ forces. In certain cases, however, 
friction becomes critical, especially with counterweighted blades. 
Then flatter race curvatures may be employed even at some sacri- 
fice of capacity and, in the case of stacked bearings, the use of 
ball retainers or cages helps very appreciably. 

Very thin bearings similar to the stacked bearings are also 
employed for gears, cams, etc., in the blade-actuating mechanism. 
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This paper illustrates and describes some important ap- 


their advantageous features. The selection of bevel gears 
instead of parallel-shaft gears is dictated in many in- 
stances by the locations and arrangements of the driven 
equipment and the source of power. In cases where the 
related parts can be arranged to suit either general type of 
gear, the designer will make his selection according to ex- 
perience and preference. 


PROPELLER DRIVES 


NE of the most important applications of gears in air- 
() craft is in the main drive from the engine to the propeller, 

in which a medium reduction of speed is usually required. 
The planetary arrangement of bevel gears, Fig. 1, has been very 
successful. In the earlier drives of this type, the gears had 
straight teeth which were hardened but not ground. In newer 
applications, the gears have curved teeth of zero spiral angle 
(Zerol teeth), which are ground after hardening. Grinding the 
teeth is beneficial, because the improved accuracy so obtained 
increases the assurance that each planet pinion will carry its 
proper share of the load 


In the application of this planetary arrangement to an air- 
craft propeller, one of the side gears is held stationary; and the 
other is the driving gear. The spider which carries the several 
planet pinions drives the propeller. When right-angle bevel 


Fig. 1 Pranerary Bevet Gears FOR PrRopELLER DRIVE 


(90-deg shaft angle, 2/1 reduction, Zero] teeth which are hardened and 
ground.) 


' Mechanical Engineer, Gleason Works. Mem. A.S.M.E. 

Contributed by the Aviation Division and presented at the Fall 
Meeting, Rochester, N. Y., October 12-14, 1942, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Bevel Gears in Aircraft 


By ALLAN H. CANDEE,' ROCHESTER, N. Y. 


plications of bevel gears in aircraft, and explains some of 
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90 Dec SHarr ANGLE 
(With one gear fixed, other gear 
drives spider at speed reduction 

of 2/1.) 


Gears, Two-SpreD 
(Angular bevel gears. Higher or 
lower reduction ratio to spider, ac- 
cording to side gear used as driver.) 


Fie. 4 PLaANeTARY ANGULAR Bevet-Gear Unit ASSEMBLED WITH 
SHAFT 
(Continental Aviation & Engineering Corp.) 


gears are used, Fig. 2, the reduction ratio is 2/1, irrespective of 
the numbers of teeth. 

By changing to angular bevel gears, the two side gears become 
unequal, as in Fig. 3, and ratios different from 2/1 can be ob- 
tained. Fig. 4 shows such a unit. In this case, the internal spur 
teeth, which act as splines for fixing one gear and driving the 
other, are designed to be exactly similar. It is thus possible to 
turn the unit end for end, and to select either of the two reduction 
ratios thus available (as 1.82/1 and 2.22/1). 

The reason for using these planetary arrangements is the de- 
crease in size and weight over ordinary single-reduction gearing, 
due to carrying the load at several tooth contacts instead of at 
only one. In order to obtain a rough idea about how much this 
reduction in size may amount to, we may consider geometrically 
similar bevel gears in planetary and single-reduction arrange- 
ments. These would have the same numbers of teeth and the 
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same ratio of face width to cone distance. Then the formulas 
generally in use, both for surface durability and for strength of 
gear teeth, show that gear diameter should vary directly with 
the square root of the torque. With six planet pinions having 
tooth contact on two sides of each, the individual tooth load is 
decreased to '/:2 of the amount in a corresponding single-reduc- 
tion pair of equal gear diameter. Accordingly, for equal stresses, 
the diameter in the planetary arrangement can be decreased 
approximately in the ratio of »/12/1 = 3.46/1. This is a deciding 
factor in aircraft design, even though the cost of the eight gears 
and pinions is obviously more than of a larger single pair. 


EFFICIENCY OF PLANETARY DRIVE 


The question of comparative efficiency in these planetary drives 
naturally arises. It is well known that some planetary arrange- 
ments and applications of gears are seriously inefficient, when 
some of the gears are not only heavily loaded but also rotate 
at comparatively high speed. In the case of the bevel-gear ar- 
rangement shown for propeller drives, it is therefore interesting 
to find that the efficiency is practically the same as that of single- 
reduction gears. This will be explained by reference to Fig. 5. 

In order to make a simple and direct comparison of the plane- 
tary and single-reduction arrangements, it is assumed at first that 
there is only one planet pinion in the assembly, and as many fea- 
tures as possible are made the same in both arrangements, as 
follows: 


1 Same mean radius R in the gears and R/2 in the pinions; 
‘2 Same number of teeth N in the gears and N/2 in the pinions; 


STATIONARY 
GEAR 
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PLANETARY REDUCTION 2//1 RATIO 


SINGLE REDUCTION 2/1 RATIO 


Fig. 5 Comparison oF SINGLE-REDUCTION BEVEL GEARS AND 
PLANETARY BEVEL GEARS 
(Multiple-tooth contacts in planetary arrangement allow decrease in size.) 


3 Same torque 7 and tangential load W = 7/R on the driven 
gear of the single reduction, and on the spider of the planetary 
reduction; 

4 Same assumed amount of rotation of the driven gear and 
of the spider. 


It is seen then that the amount of tooth sliding is the same at 
each place of engagement, and that the load is W on the single- 
reduction pinion and W/2 on each side of the planet pinion. The 
friction loss in the two contacts at load W/2 on the planet pinion 
will obviously be practically the same as in the one contact at 
load W on the single-reduction pinion. In this way we arrive at 
the interesting fact that, with gears of similar proportions, the 
friction losses and therefore the efficiency of the gear teeth are 
the same, at least approximately, in the 2/1 planetary reduction 
and in a simple 2/1 single reduction. 

This analysis has been made with the assumption of a single 
planet pinion. A change to multiple pinions of course does not 
alter the result. 

When values of gear efficiency are mentioned, they usually in- 
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clude the bearings. The loss in ordinary plain bearings, with a 
coefficient of bearing friction of 0.05, is less than one half the loss 
in the gear teeth. In ball bearings, the coefficient of friction is 
much lower, and the loss in bearings is only from 0.1 to 0.2 times 
the gear loss, thus being relatively unimportant. The com- 
parative conditions in the supporting bearings in Fig. 5, how- 
ever, will be pointed out. In the ball bearings B; of the pinions, 
the thrust load is the same for the planet pinion and single-reduc- 
tion pinion. The friction loss due to radial load in the plain 
bearing of the planet pinion, of course, is greater than in the ball 
bearing of the single-reduction pinion. 

The thrust load on bearing B; of the driving gear in the plane- 
tary arrangement is one half the value on the corresponding bear- 
ing in the simple reduction, because the tooth loads are, respec- 
tively, W/2 and W. On the other hand, the speed of rotation of 
the driving planetary gear is twice that of the driven gear. 
Therefore, the bearing losses due to thrust are practically the 
same. In the single reduction, bearing B; is subjected to a radial 
load, whereas with multiple-planet pinions, the corresponding 
bearing B, in the other arrangement has no radial load. These 
general considerations show that differences in bearing losses in 
the two arrangements are comparatively unimportant. 

The builders of the 2/1 planetary bevel-gear propeller drives 
have made tests and report efficiencies of 98.5 to 99 per cent. 
An Appendix to this paper gives an analysis of friction losses and 
a method of calculating the efficiency in gear teeth; and in an 
example in which the coefficient of sliding friction is assumed as 
0.1, the result obtained is 98.7 per cent (Table 4). These gears 
would be used in any case, because of the saving in space and 
weight; but it is very satisfactory to find that they also compare 
so favorably in respect to efficiency. 


DRIVE FoR CoaxIAL PROPELLERS 


Another type of bevel-gear drive is for two coaxial propellers 
rotating in opposite directions, Fig. 6. Bevel gears are used in 
the familiar differential or reversing arrangement. One propeller 
is driven directly by a shaft extending through the gearbox. 
The second is driven in the opposite direction by the gears and a 
sleeve surrounding the inner shaft. 

Coaxial propellers are not yet in wide use, but they may be 
adopted more frequently in the future. They increase the power 
at a single propeller location, with smaller diameters. They also 
eliminate the torque effect of a single propeller. 


Drivinc ARRANGEMENT OF THE FUTURE 


In present-day aircraft, the engines for multiple propellers 
are housed in enlargements of the wings, or nacelles, which in- 
crease drag. An arrangement for aircraft propulsion which has 
long been considered is to locate one or more engines in the fuselage 
and to connect them to propellers out on the wings by means of 
gears and shafting, as indicated in the diagram, Fig. 7. Such an 
arrangement will not only decrease the drag and make a larger 
portion of the engine power available for useful work, but will also 
give accessibility to engines for making adjustments and minor 
repairs during flight. Transport planes of the future, both com- 
mercial and military, almost certainly will use some such arrange- 
ment. Fig. 7 shows one engine driving two propellers. Of course 
a separate engine can be used for each propeller. Bevel gears are 
naturally required for this plan. 


VARIABLE-PITCH PROPELLERS 


Variable-pitch propellers, which operate at constant speed, 
naturally make use of bevel gears. The angular direction of the 
blades is varied, in order to contro! speed and power, Fig. 8. 
Several methods of operation and control are in use. In Fig. 9, 
straight bevel-gear teeth on the inner ends of the blade shafts 
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CANDEE—BEVEL GEARS IN AIRCRAFT 


Fic. 6 Brver-Gear Drive ror COAXIAL PROPELLERS 
(Counter-rotating propellers at a single location exert more power and eliminate torque on plane.) 


are engaged with a central bevel gear. This gear is given a slight 
relative rotation by means of hydraulically operated rollers 
moving in cam slots in order to change the pitch of the blades. 
In this design, the twist of the blade is resisted through the gears. 

In a second form of propeller control, Figs. 10 and 11, the bevel 
gears have spiral teeth which are hardened and very accurately 
ground, so that the parts can be assembled with practically no 
backlash. This decreases likelihood of vibration. Here again, 
the gears carry the twist load of the blades. 

In a third propeller arrangement, the position of each blade 
is controlled by an individual hydraulic piston and cylinder. 
Bevel gears are used, however, to make certain of the same 
angular position of all three blades. 


ADVANTAGEOUS FEATURES OF BEVEL GEARS 


Bevel gears have at least three important features which are 
different from other types of gears as usually made and which 
are very valuable in aircraft as well as in other fields: 

1 Their conical form makes it a comparatively simple matter 
to control the amount of backlash when assembling the gears, by 
small adjustments of the relative axial positions. This feature is 
of particular value in obtaining proper load distribution, in the 
planetary arrangements which have been shown, by adjusting 
each pinion for the same amount of backlash. 

2 Another feature in bevel gears is unusual flexibility in tooth 
design, which comes about from the methods of cutting and the 
types of tools used. In all methods of generating gear teeth, it is 
just as easy to cut long-and-short addendum teeth as standard- 
addendum teeth; but with bevel gears it is also just as conven- 
ient to cut teeth of one thickness as another. This being so, 
when maximum strength is important, it is customary to propor- 
tion tooth thicknesses in pinion and gear in the most favorable 
way. To do this with spur gears or helical gears is not usual 


‘Fie. 7 Prosasite Driving ARRANGBMENT FOR AIRCRAFT OF THB 
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(Location of engines in fuselage decreases drag and gives accessibility for 
adjustments and minor repairs.) 


and would necessitate the making of nonstandard cutters or 
hobs. 
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Fig. 8 PROPELLERS 


(Hamilton Standard Propellers. 


3 An extremely valuable feature of curved-tooth bevel gears 
is the characteristic tooth bearing clearly shown in Fig. 12. The 
tooth surfaces are so generated that contact is kept away from the 
ends of the teeth. Then, when deflections occur under variations 
of load, or when gears are not assembled with exact accuracy, 
the load does not shift to one end of a tooth so as to cause early 
breakage and impaired operation. The degree of this localization 
of tooth bearing is completely controllable in the generating 
operation, 


Allow operation at constant speed.) 


REQUIREMENTS FOR GEARS IN AIRCRAFT 

There are two distinetly different sets of requirements for 
gears in aircraft. One set applies to gears which must transmit 
power at high speeds like those driving propellers, or which 
must turn very smoothly and accurately. In order to operate 
safely and smoothly they must be manufactured accurately 
and also assembled and maintained in proper relative position 
as accurately as possible. Such gears must be of precision grade 
with hardened and ground teeth for maximum results. 


Fig. 9 HyprauLIcALLy CONTROLLED VARIABLE-PiTCH-PROPELLER HuB 
(Hamilton Standard Propellers. Bevel gears are used to rotate blades for change of pitch.) 
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Fig. 10a 


Fig. 10 


(Curtiss Propeller Division, Curtiss-Wright Corporation. 


GEARS IN AIRCRAFT 


Fig. 106 


Bevet Gears in Hus or ELEctTRICALLY CONTROLLED VARIABLE-PITCH PROPELLER 
Hardened and ground teeth in spiral bevel gears to adjust blade pitch are extremely accurate 


and uniform and allow assembling with practically no backlash.) 


A different set of requirements applies to the gears which drive 
engine accessories and other equipment. These may have to 
carry only light loads, but frequently very wide assembling 
tolerances may have to be allowed. It often happens in air- 
craft construction that two engaging gears are mounted in sepa- 
rate assemblies; and when the assemblies are put together, con- 
siderable variations in the relative positions of the gears may 
occur. Furthermore, these gears are likely to be designed with 
thin sections which save weight but which lead to hardening dis- 


tortions. Under such conditions, it is very beneficial to adopt 


Fie. 11 


curved teeth in bevel gears, which can be ground after hardening. 
This insures uniformity in the gears themselves, thus narrowing 
the range of variations and decreasing the time required for proper 
assembling. When sufficient quantities are to be manufactured, 
gears with ground teeth can be produced at no increase in cost. 
Zerol bevel gears with a generous amount of tooth-bearing modi- 
fication of the kind shown in Fig. 12 compensate at least partly 


for inaccuracies in mounting and are proving remarkably satis- 
factory. 


a 


SecTIONAL View SHOWING ConTROL MECHANISMS OF ELECTRICAL VARIABLE-PITCH PROPELLER 


(Curtiss Propeller Division, Curtiss-Wright Corporation. Electric motor controls pitch of blades through planetary spur gears and bevel gears.) 
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Fie. 12. Locatizep Tootn BEarRING IN CuRVED-TootH BEVEL 


GEARS 
(Amount of contact is readily by | diameters of cutters 
when generating teeth. Experience has demonstrated that such teeth oper-. 


ate more smoothly and have longer fatigue life.) 


| CLAMS TO BE TESTED 


| 

Fic. 13. Drive Dracram or BeEvEL-GEAR TESTING EQUIPMENT 
(Gears are tested at full load with power circulating in a closed circuit.) 


New Testine EQquiIPMENT 


One of the natural developments in the present expansion of 
aircraft construction is the designing and building of machines 
to grind the teeth of hardened bevel gears of larger diameter than 
in the past. It is obviously desirable to know the performance 
to be expected from such larger hardened and ground gears. 

The Gleason Works was commissioned by the U. S. Army Air 
Corps a few months ago to install some new testing equipment 
of larger capacity than had previously been available. This 
installation is almost completed; and various tests of the load- 
carrying capacities of bevel gears are to be run in co-operation 
with the design personnel at Wright Field. The general arrange- 
ment for running the gears under load is diagrammed in Fig. 13. 
This is another application of the well-known method of circulat- 
ing power in a closed circuit and having to supply only the power 
to overcome friction. A “wind-up” box is provided in combina- 
tion with torsion shafts, by means of which the tooth load can be 
applied and varied while the gears are running. The data which 
will be obtained with this new equipment will be a valuable ex- 
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tension of the knowledge of bevel-gear performance previously 
gained from numerous tests of gears in automobile rear axles. 
At some later time, results will undoubtedly be made available 
through the authorities at Wright Field. 


MISCELLANEOUS APPLICATIONS 


It is not practical in the space of this paper to illustrate all the 
various applications of bevel gears in aircraft. Table 1, however, 
lists most of the kinds of equipment for which bevel gears have 
been used. 


TABLE 1 BEVEL GEARS IN AIRCRAFT 


Engine Variable-pitch propellers 
Main drive to propellers Airplane, miscellaneous controls: 
Accessories: etractable landing gear 

Starter Wing-tip floats 

Fuel pump Steering mechanism 
Oil pump Trimming tabs 
Coolant pump Radio 

Camshaft Bomb-door operation 
Magneto Gun turrets 
Supercharger 

Governor 


Gun synchronizer 
When the designer is free to choose between bevel gears and 


parallel-shaft gears, the special characteristics of bevels should 
be considered. Whether the bevel-gear teeth should be straight, 


ames, 


Fig. 14 Gears IN ENGINE STARTER 


(Straight bevel gears give good service under relatively heavy load and at 
fairly high speed.) 


Fie. 15 Trimminc-Tas ContTrou 
(Compact design built around two parallel symmetrically positioned shafts.) 
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spiral, or Zerol (zero spiral angle) must be decided according to 
the conditions and performance required. Two further examples 
of actual applications will be illustrated. 

In the engine starter, Fig. 14, straight-tooth bevel gears have 
been entirely satisfactory. This is a case of intermittent service 
at relatively heavy load and fairly high speed. 

An interesting application of small hypoid gears is shown in 
the control for trimming tabs, Figs. 15 and 16. In this unit, it 
was required to have two parallel and symmetrically arranged 
shafts independently adjustable by small intervals and turning in 
opposite directions. Hypoid gears with pinions in offset posi- 
tions resulted in a compact and satisfactory design. 

Bevel and hypoid gears are capable of greatly differing ar- 
rangements and variations to suit almost any application or re- 
quirement. On the basis of demonstrated performance, many 
designers prefer them whenever the general arrangement of re- 
lated parts permits them to be used. 


Appendix 


ANALYSIS OF Fricrion Losses IN GEAR TEETH AND COMPARA- 
TIVE GEAR EFFICIENCIES 


Friction losses and efficiency of gears received more atten- 
tion from engineers years ago than in recent times. This is natu- 
ral because designers now know from numerous reported tests 
that the efficiency of a simple pair of gears will almost cer- 


Fig. 16 Unusvat ComBINATION oF Hyporp GEARS 


(Offset pinions become basis of compact design in Fig. 15. Relative angular 
positions of the two pinions can be adjusted, after which control operates as 
a unit.) 


tainly be between 97.5 and 99 per cent; and exact determi- 
nations are not important. It has come about, however, that no 
publication, as far as is known to the author, gives a satisfac- 
tory analysis of friction losses for application to modern de- 
signs of gear teeth. It is believed that the analysis presented 
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in this Appendix is of suffi- 
cient interest to justify hav- 
ing it on record. 


SLIDING OF GEAR PROFILES 
Velocity of Sliding (Fig. 17): 


R,, = pitch radii 

w1, # = angular velocities 

wo = w = w: = relative ang- 
ular velocity. Nega- 
tive sign applies when 
one gear is internal 

= distance from pitch 

point to point of con- 
tact 

Vs = sliding velocity of pro- 
files 


Since the pitch point is the 
instantaneous center of rela- 
tive motion 


Fie. 17 Vevocity or SLIDING 
BETWEEN GEAR PROFILES 


This equation of course is given in textbooks. 
Amount of Sliding: 

dx = infinitesimal arc of rotation on pitch circles 
dé, = dz/R, = angular displacement of first gear 
d@ = dz/R; = angular displacement of second gear 


= + dé, = (1/R,; + 1/R:) dr 
= relative angular displacement 


Then the infinitesimal increment of sliding is 
dS = = (1/R; + 1/R2) 


The total amount of sliding which occurs during the displacement 
s from the pitch point is 


S = = (1/R; = 1/R:) f 8 dz 


The value of the integral £ s dz depends upon the form of the 
path of the point of contact, that is, on the kind of tooth profiles. 


Amount of Sliding in Involute Teeth (Fig. 18): 


¢ = pressure angle, which is constant 
8 = zrcos¢ 
dz = ds/cos¢ 


in which ds is the infinitesimal displacement along the line of ac- 
tion corresponding to dz. 


Then S = sec ¢(1/R, + 1/R2) f sds 


or S = 1/R2) 8? 


The general mathematical relationships of the sliding velocity 
and the amount of sliding, to displacement are shown in the 
graphs, Fig. 19. The upper graph is particularly convenient for 
the gear engineer, because the amount of sliding which occurs 
between two displaced positions of a tooth can be calculated as a 
corresponding area under a sloping line. 


Length of Line of Action in Involute Teeth (Fig. 20): 


Given R = pitchradius 
a = addendum 
¢ pressure angle 
s distance along line of action from pitch point 
to addendum circle of teeth 


9, w&, 

> 
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DisPLACEMENTS AND SLIDING IN IN- 
VOLUTE TEETH 


Fig. 18 


(A+B)<2 
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SLIDING VELOCITY 


AREA PROPORTIONAL TO AMOUNT OF SLIDING 


S = CONSTANT x S* 


AMOUNT OF SLIDING 


DISPLACEMENT § s 

Fic. 19 GENERAL MaTHEMATICAL ReE- 

LATIONSHIPS FOR SLIDING IN INVOLUTE 
Gear TEETH 


CONTACT RATIO SMALLER THAN 2.0 C:(A+B)-) 


Del-c 
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2< (A+B) 
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LENGTH OF LINE OF ACTION —— 


Fie. 20 LenetH oF LINE 
oF ACTION FOR ADDENDUM 


oF INVoOLUTE GEAR Fie. 21 


A convenient method to calculate s is 


s = V(T?+2aRk + a*)—T 


For a pair of engaging gears, of course, the whole length of the 
line of action is made up of the two individual distances s on op- 
posite sides of the pitch point. 


Friction Losses AND EFFICIENCY 
Effect of Contact Ratio on Load Distribution 


“Contact ratio” is defined as the ratio of the arc of action to the 
circular pitch, or more conveniently in involute gears as the 
ratio of the length of the line of action to the base pitch. The 
base pitch p, = pcosg. The contact ratio can never be less than 
1 for continuous gear action. It sometimes exceeds 2. When 
the contact ratio lies between 1 and 2, there are two teeth in con- 
tact during part of the action. When the contact ratio lies be- 
tween 2 and 3, there are three teeth in contact during part of the 
action and two teeth during the rest of the action. 

In this analysis, it is assumed that when two teeth are in con- 
tact each carries one half of the load, and that when three teeth 
are in contact each carries one third of the load. This is a rea- 
sonable assumption to make, although it is not fulfilled exactly 
in actual gear contact. 

Let the two portions of the line of action into which it is divided 


VARIATIONS OF LOAD ON TOOTH 


CONTACT RATIO GREATER THAN 2.0 


Fic. 22) DiaGRAM FOR SUMMATION OF 


Friction Losses 


by the pitch point be given in terms of the base pitch, as Ap, and 
Bp», as in Fig. 18. Also for greater simplicity let p, = 1 Then 
the length of the line of action and the contact ratio are both 
represented by the sum (A + B). Changes of the load on one 
tooth, as it moves along the line of action, are found to be of 
cyclic nature and are illustrated in Fig. 21. 


Lost Work of Friction on One Tooth: 


W = total load tangential to pitch circles 
Wy = load normal to tooth surface = W/cos ¢ 
= coefficient of sliding friction 

uWy = friction load tangential to profiles 

Assuming first that the contact ratio is smaller than 2 
S; = amount of sliding while one tooth is in contact 
S; = amount of sliding while two teeth are in contact 
E, = friction work 


In arriving at the value of (s + ; s.) it is found that there are 


1 
Si + 5% 


Then 


E, = 


three possible cases, depending on the position of the pitch point 
in the line of action; that is, on the values of A as follows: 


Case 1 Case 2 Case 3 
Az] A> 1 
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Case 1 applies, for instance, when the addendums of the two 
gears are equal or nearly so and is illustrated by the diagram in 
Fig. 22. The shaded areas are proportional to the friction losses. 
Positions in the horizontal direction correspond to displacements 
along the line of action, that is, to values of s. The two slopes 
used in the construction of the diagram correspond to the tooth 
loads W and W/2 for different portions of the action. By refer- 
ring to Equations [4] and [7] and by inspection of Fig. 22, the 
total friction loss on the tooth is written as 


1 
Ey = Wy sce (1/R, * pot [At + B® + (1 — A)? 
+ 


The expression in the brackets will be different for cases 2 and 3, 
and for additional cases with contact ratios of 2 and greater than 
2. For convenience let the value in the brackets be denoted by 
K. Then the equation for friction work becomes 


1 


Useful Work by One Tooth. The useful work Ey performed by 
one tooth during its movement along the line of action, can be 
determined as the summation of the work done by single-tooth 
and double-tooth contact, in a way exactly similar to the method 
used to determine E,. The same result is arrived at more directly, 
however, by recognizing that Ey, must be the useful work during 
one revolution of a gear, divided by its number of teeth. It is then 
seen that Ey = Wp = Wy p,. , 

Proportional Friction Loss. It is next possible to write the 
proportional friction loss as 


Li rst work of friction E 
Useful work Ey 


f= 


= 4 sec ¢ (1 R, Po Ku 


which is the same as 


f= * p Ku 


A further simplification }s obtained by introducing numbers of 
teeth instead of pitch radii, thus 


N,, Ny «= numbers of teeth 


R, = N, and = p/(2z) 


Substitution of these values results in a final form of the equa- 
tion for proportional friction loss as 


Sf = (w/2) (1/N, + 1/N2) Ku 


Values of K. It has been noted that various cases occur with 
different values of A and B. Those most likely to occur for con- 
tact ratios not only smaller than 2, but also equal to 2 and greater, 
are indicated by the equations for K in Table 2. Some numerical 
values of K are given in Table 3. Attention is called to the fact 
that the minimum value of K = 1 occurs with the minimum con- 
tact ratio of l and with A = B = 0.5. For any different values 
of A and B and for any greater contact ratio, the value of K in- 
creases, because of increased sliding. Table 3 is directly inter- 
esting because it shows how friction losses vary with different 
amounts of tooth contact, in a pair of gears with given numbers 
of teeth. 

Gear-Tooth Efficiency. Of course when the friction loss is 
known, the efficiency is obtained as 


e = 100/(1 + f) per cent 
Tooru Friction IN BEVEL GEARS 


It is customary to use Tredgold’s approximation for the cross- 
sections of the teeth in straight bevel gears. The foregoing 
analysis of friction in spur gears can be applied to the bevel-gear 
profiles so obtained. This is done most simply by the idea of the 
equivalent numbers of teeth in the bevel gears, Fig. 23. 


. 23. EqurvaLeEnT NuMBERS OF TEETH IN BEVEL GEARS 
(Tredgold’s approximation.) 


TABLE 2. EQUATIONS FOR K 


Conditions K= 
(a> B) 


2 - B+ a} 

- (a - 2)? (2 - 
[a2 + 2) 


2 - + 

- 

2 fa? + 287-2 - 3B 
> be - + 6) 


ac2 
ac2 


BY 1 
Bel 
Greater 

than B¢1 
2.0 
B<1 


B<1 


Por Case 1, K also equals -a-Be 2) 


TABLE 3 NUMERICAL VALUES OF K 
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TRANSVERSE 

SECTION 

N 

xo 

y rR 

WIA \ 

AXIAL | XW "e* cosy 

TEETH 

c_ 

No.l Ratio 

ada 

Smaller 

than 

2.0 

6 

9 

0.6 1.04} 2.02 | 2.0% 
0.7 1.16] 1.10] 1.08] 1.10] 2.26 
0.8 1.36 | 1.26] 1.20] 1.18] 1.20] 1.26] 1.36 

0.99 1.64] 1.50] 1.40] 1.34] 2.32] 1.34] 1.40] 1.50 

1,09 1.82 | 1.68] 1.58] 2.52] 1.50] 1.52] 2.58] 1.68 

1.19} 2.02 | 1.98 | 1.78] 1.72] 1.70 | 1.72] 2.78 1.88 | 2.02 2.07 2.15 

1.29} 2.22 | 2.08] 1.98] 1.92] 2.90] 1.92 | 1.98] 2.08} 2.22 | 2.26 | 2.23 | 2.32 

1.39 2.42 | 2.28 | 2.18] 2.12] 2.10] 2.22 | 2.28] 2.18 | 2.21 | 2.26 | 2.33 | 2.42 ag 

1.49 2.62 | 2.48 | 2.38] 2.32] 2.30] 2.32] 2.29] 2.29 | 2.32 | 2.37 | 2.45 ae 

1.59 2.82 | 2.68 | 2.58] 2.52 2-50] 2-45 2.42 | 2.42 | 2.45 | 2.50 

1.69] 3.02 | 2.88 2.78 | 2.721 2.64 | 2.59 | 2.56] 2.56 

1.7] 3.22 | 3.08 | 2.98] 2.87 | 2.79 | 2.74 | 2.72] 2.72 

1.8] 3.42 | 3.28 | 3.15 | 3.04] 2.96 | 2.92 | 2.88 

1.99 3.62 | 3.46 | 3.33] 3.22] 3.24 | 3.09 

2.0 382} 5.65 | 3.52 | 3.35 
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When N and n are the numbers of teeth, and If and ¥ are the 
respective pitch angles, the equivalent numbers of teeth are 


N, = N/cos T and n, = n/cos y 


Then the value (1/N + 1/n) for spur gears becomes 


eos T cos 
N n 


for bevel gears; that is, for bevel gears Equation [8] becomes 


cos T cos y 


N n 


This equation is recommended for practical use. Straight 
bevel gears, however, are analyzed most accurately by consider- 
ing tooth profiles on a surface of constant cone distance, that is, 
on a spherical surface. Spherical involute profiles for bevel gears, 
corresponding to plane involute profiles of spur gears, are referred 
to in textbooks, but have probably never been made. Octoid 
profiles are only slightly different and are approximated in actual 
gears. 

The general method of plane geometry applying to spur gears 
can be worked out in spherical geometry. This determination is 
too long to be included here, but comparative results will be given. 
Taking bevel gears with 14.14/14.14 teeth, equivalent to spur 
gears of 20/20 teeth, with 20-deg pressure angle and standard 
addendums, the comparative results are as follows: 


Proportional 
friction loss 


0.20552 


Contact ratio 
By plane geometry 
By spherical geometry: 
Spherical involute profiles 
Octoid profiles 


0.20555 
0.20021 


The differences here shown are obviously so small as not to 
justify the increased work of using the spherical method. They 
also show that there is no reason practically not to use the spur- 
gear method for straight bevel gears. 

A sample calculation of the efficiency of bevel gears is given 
in Table 4. 


CoMPARATIVE Friction Losses IN GEAR TEETH 


By applying the method derived in the foregoing analysis,* 
some interesting comparisons of the amount of friction in various 
designs of gear teeth have been obtained. 


Value of Coefficient of Sliding Friction (u) 


Textbooks and handbooks usually state that this coefficient 
may vary from 0.1 to 0.25 or 0.3, and that under some conditions 
it may be less than 0.1, depending upon materials, surface smooth- 
ness, lubrication, and sliding velocity. It is assumed in this 
analysis that » has a constant value throughout the gear-tooth 
action. Allowance for variation of u with sliding velocity could 
be made, but would mean added complication. In the compari- 
sons to follow, the convenient value » = 0.1 is used. 


2? The method of calculating friction losses in involute gear teeth 
here presented has been known previously, at least for the value of K 
in Case 1. Marks’ ‘Mechanical Engineers’ Handbook”’ gave the 
same equation except with different notation, in the first and second 
editions, but omits it in the third edition. The equstion is also given 
in ‘‘Zahnrader,’’ Schiebel, Julius Springer, Berlin, 1922 (first edition, 
1911), p. 56, with a reference to ‘‘Zahnreibung,’’ Kohn, Zeitschrift des 
Vereines deutscher Ingenieure, 1895, p. 459. 
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Comparison of Tooth Numbers 


Spur gears, 20 deg pressure angle, equal addendums of 1/(DP) 
Numbers of teeth N/N 20/20 30/30 
Friction losses 0.0205 0.0149 


It is of course apparent that, with greater numbers of teeth, there 
is less curvature of the pitch circles and therefore less sliding 
and less friction. 


Comparison of Pressure Angles 


Spur gears, N/N = 30/30, equal addendums of 1.0/(DP) 
Pressure angle 14'/; Deg 20 Deg 
Friction losses 0.0199 0.0149 


All gear designers are familiar with the fact that, with stand- 
ard working depth, the length of the line of action becomes 
shorter with an increase of pressure angle. This decreases the 
amount of sliding more rapidly than the increase in the load Wy 
normal to the tooth surfaces. 

Of course, if it should be desired to decrease the amount of 
friction in teeth of 14'/; deg pressure angle, it could be done by 
shortening the addendums. This, however, would decrease the 
contact ratio; and most designers are more concerned with 
durability as dependent upon contact ratio, than with slight varia- 
tions in friction and efficiency. 


Comparison of Addendum Proportions 


Spur gears, n/N = 20/40, 20 deg pressure angle 
Addendums (1 DP) 1.0/1.0 
Friction losses............ ff 0.0166 


1.3/0.7 
0.0173 


As is to be expected, a departure from equal addendums means 
a slight increase in sliding and in friction loss. The change is 
so slight, however, as to be negligible in practical work. 


Comparison of Bevel Gears and Spur Gears 


20 deg pressure angle, equal addendums of 1.0/(DP) 
Gears Spur Bevel—— 
Numbers of teeth 20/20 20/20 14.14/14.14 
Friction losses 0.0205 0.0156 0.0205 


N/N 


As has already been explained, the determination for bevel 
gears can be made on the basis of the equivalent numbers of 


TABLE 4 CALCULATIONS FOR EFFICIENCY OF BEVEL GEARS 


Pinion Gear 


Number of teeth 16 48 
Diametral pitch 1 
Pressure angle 
Addendum 
Pitch angle 


22°30" 
1.220 0.620 
18°26! 71°34! 


Equiv. number of teeth 
Equiv. pitch redius 


16.866 
8.433 
3.227 


N/cos 
R = P) 
T =R sin @ 


3.1416/P 
pcos @ 


151.800 
75 «900 
29-045 


Line of action outside 
of pitch cirole 2.472 1.582 


Circuler pitch 
Base pitch 
(pinion) 
8/py (gear) 
(a + B) 


Contact ratio 


Case Ho. 1) 


Coef. of sliding 
friction (assumed) 
Proportional friction 
loss f= 1.571 (1/ny + K 


Efficiency e* 100 (1- per cent 


teet 
witl 
in t 
give 
vali 
diti 
one 
3.142 
2.903 
0.545 
1.397 
0.1 
0.013 
98.7 
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teeth. Bevel gears with 20 teeth, being equivalent to spur gears 


with 28.28 teeth, have a smaller loss and are more efficient than 
spur gears with 20 teeth. This fact, of course, has been indicated 
in textbooks and handbooks for many years. 


CONCLUSION 


The friction loss calculated by the foregoing method for a 
given set of gears naturally will differ somewhat from the true 
value because of differences between assumed and actual con- 
ditions. Such differences may be the following: 

1 The assumed tooth profiles may be different from the actual 
ones. The determination of the amount of sliding for given pro- 
files is merely a geometrical problem. 
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2 The actual distribution of load with two or three teeth in 
contact will not be uniform as assumed, but will be affected by de- 
flections even in teeth of ideally correct form, and is al- 
most certain to vary in the manufacture and assembling of the 
gears. 

3 The value of the coefficient of sliding friction may not be 
correctly assumed, unless determined by experiment. 

For any given conditions, however, the comparisons of vari- 
ous designs of teeth are considered to be reliable. 

For gears with oblique teeth, such as helical and herring- 
bone gears, and spiral bevel gears, further analysis must be 
made, to take account of the different conditions of load 
distribution, 
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Development and Performance of a 


Coal-Fired Unit Heater 


By R. M. RUSH,' PITTSBURGH, PA. 


The paper describes an advanced design of coal-fired 
unit heater; explains the means by which high rates of 
heat transfer comparable to those of heating boilers are 
attained in an air heater, and by which the steel shell 
of the combustion chamber is kept at a safe temperature 
level; and gives results of tests of a large heater of this 
type. Various modifications of the installation arrange- 
ments are described, and the savings of critical materials 
and of man-hours, important under the present war 
conditions, attainable by the use of this type of heater 
are pointed out. A design of heater having all-refractory 
heat-transmitting surfaces, is also described. The rea- 
sons why the over-all saving of metal effected by the last- 
mentioned design must be disappointingly small, are 
explained. 


production, largely because of their savings of critical 

material, amounting in many cases to over 50 per cent of 
the metal required to install a comparable steam-heating system. 
Most of these installations have been made for oil or gas firing, 
where it was comparatively simple to pipe the fuel to each unit. 
The introduction and continued improvement, over a period of 10 
years, of such units, resulted in hundreds of installations, particu- 
larly in the steel industry. The recent restrictions on oil and 
gas made the coal-burning unit heater a logical development. 
The purpose of this paper is to outline one approach to the solu- 
tion of the problems involved. 


by wom in unit heaters are being widely used in war 


DEVELOPMENT OF CoaL-FirED Unir HEATER 


In 1933, there was introduced for steel-plate air heaters a type 
of corrugated heating surface, with fins and deflectors of original 
form, and this combination for the first time made it practical, from 
the economic or commercial as well as the engineering stand- 
point, to transfer heat from the wall of a combustion chamber to 
a moving air stream at about the same rate per square foot of 
heating surface as that at which the surface of a heating boiler 
transmits heat to water. This may fairly be said to have revo- 
lutionized direct-fired unit-heater design. Being self-fired and 
compact, taking up no more space and requiring about the same 
power to drive as steam unit heaters, and giving efficiencies of 
80 to more than 85 per cent, the units attained widespread 
use. 

Sectional views of gas- and oil-fired units are shown in Fig. 1, 
and a unit with the outer cover removed in Fig. 2. 

The recent restrictions on these fuels emphasized the need for 
a coal-fired unit heater which would be compact in size, depend- 
able, and efficient. Coal-firing, because of the more intense radi- 
ation from the fuel bed, transmits more heat per square foot to 
some parts of the combustion-chamber shell, than in the gas- or 


‘ oe Industrial Department, Dravo Corporation. 
Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Mem. 


oil-fired heaters, and heat abstraction from the outer surface must 
be adequately effective in order to avoid overheating the metal. 
A number of coal-fired heaters, having this corrugated heating 
surface with fins and deflectors, had been in operation since 1935, 
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(View shows fins and deflectors on corrugated surface, also tube bank, fans, 
and exhauster.) 
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Fie. 3 Cross Sections or 4,000,000-Bru per Hr Coat-Firep HEATER SHOWING TEMPERATURES OF AIR AND Gases DurinoG TEst 


and had given satisfactory results. The experience with these 
had shown this type of heating surface to be as successful with 
coal as with any other fuel, and indicated that, with an air ve- 
locity over the heating surface of 35 to 45 fps, heat abstraction 
was amply rapid to avoid overheating or burning the metal. 

A development program was undertaken in the winter of 1941- 
1942, to bring the coal-fired heater to the same degree of perfec- 
tion as the most recent oil- and gas-fired units. A coal-fired unit 
of 4,000,000 Btu per hr output was designed and built, and com- 
plete tests were conducted. The results of these tests indicated 
that the coal-fired unit had about the same heat-transfer rate per 
square foot of surface as the oil-fired heater, and that comparable 
efficiencies were easily maintained. 

Cross sections of the coal-fired heater are shown in Fig. 3. The 
fuel is burned on a simple type of underfeed stoker, in a combus- 
tion chamber having a monolithic refractory lining, which is not 
unlike a modern air-cooled boiler setting. The plastic refractory 
is molded against the inner side of the corrugated surface extend- 
ing about one quarter of the height of the combustion chamber 
and fastened to it with steel studs welded to the metal and em- 
bedded in the refractory. The flexibility of the corrugated steel 
shell as regards thermal expansion makes it a nearly ideal con- 
tainer and support for the refractory. Heat is conducted through 
these comparatively thin refractory walls so rapidly that the re- 
fractory is saved from deterioration. Since the temperature of 
the inside surface of the lining is below the fusion temperature of 
most kinds of ash,slag does not form nor clinkers fuse to the walls. 
From a practical operating standpoint, this makes an underfeed 
stoker very easy to handle, even when burning coal having a high 
content of ash of low fusion temperature. The ash takes the 
form of a light porous clinker which is easily removed. 

The combustion conditions approach the ideal, in that there is 
plenty of furnace volume and sufficiently long flame path for the 
gases distilled from the coal to burn completely without smoke, 
before the combustion is arrested by their striking cold surfaces; 
the tightly welded combustion chamber prevents the infiltration 
of excess air, enabling high CO; to be maintained. Draft in the 


furnace, suitable to the rate of operation, is maintained by the 
self-contained induced-draft fan, independently of the variables 
of natural draft. 

The fuel-bed temperature is comparatively low, due to rapid 
radiation to the large area of exposed heating surface above the 
refractory and in sight of the fire. The greater part of the total 
heat transmission occurs through this “black surface’’ of the upper 
part of the combustion chamber. The bridge wall is also cooled 
by means of a duct through its center through which a stream of 
air, induced by vanes in the air passages at the sides, flows hori- 
zontally from one side of the heater through the bridge wall to 
the epposite side. The bridge-wall refractories are thereby kept 
so cool that clinkers do not adhere, while the cooling air effects 
additional heat recovery. 


DETaAILs OF EXPERIMENTAL UNIT 


A long series of tests of this 4,000,000-Btu per hr unit estab- 
lished its ability to withstand even such conditions as sudden 
power failure while operating at 20 per cent overload. From 
a commercial standpoint, however, there were certain objections 
to the design, e.g., the location‘of the fans alongside the combus- 
tion chamber required excessive floor space, and the plenum 
chamber, with tubes beneath, added to the already excessive 
height. Accordingly a new design based on the established heat- 
transfer rates was developed which overcame these objections, as 
shown in Fig. 4. A unit of 1,000,000 Btu per hr output was built 
to this design and found to give results comparable to those ob- 
tained with the larger heater of the previous design, while re- 
quiring about one half the floor space and about one third less 
weight per 1,000,000 Btu. In this design the tubes are placed, to 
save height, above the combustion chamber, and the outlets are 
at the rear, but near the peak of the combustion-chamber shell. 
Means therefore had to be provided to prevent the gases from 
short-circuiting directly to the outlet. At first this was effected 
by a refractory-covered metal baffle. Later, in order to prevent 
overheating of the metal, the baffle was air-cooled. The cooling 
proved so effective that the refractory could be eliminated except 
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for a small amount at its lower 
edge, Fig. 5. The all-metal baf- 
fle with streamlined air passages, 
and a center partition, which 
acts as a radiation shield for the 
rear of the baffle, is shown in 
Figs. 4 and 5. The pressure 
difference in the air stream at 
the heater sides, between points 
at the inlet and at the outlet of 
the hollow baffle, forces air 
through the baffle at a velocity 
sufficient to keep the tempera- 
ture of the metal wall below the 
danger point. The cooled baffle 
adds effectively to the “black 
surface” of the interior, and to 
the heat recovery of the unit. 
The front wall of the combustion 
chamber also is cooled by a rap- 
idly moving stream of air passing 
over finned surfaces. The fur- 
nace bottom consists of air- 
cooled stoker dead plates. 

Thus, all sides of the refrac- 
tory lining are cooled, not only 
by rapidly moving air on the out- 
side, but by radiation from their 
inside face to large areas of 
cool, metal, heat-absorbing sur- 
face. With such an air-cooled 
furnace, the refractory repair 
costs naturally are low. 

The gases, as previously stated, 
leave the combustion chamber 


Some of the more outstanding features of this pode are illustrated. Sectional views 
show air-cooled baffle; air-cooled bridge wall; air-cooled stoker dead plates and tuyéres; nonmetalli 


¢ radiation shield.) 


at the upper rear, and for the final stage of heat extraction pass to 
a bank of steel tubes extending across the airstream. The design 
of the outlets through which the gases leave the combustion cham- 
ber was first developed for the gas- and oil-fired units. In the 
sloping top at the rear of the combustion chamber are a number 
of 3'/:-in. holes evenly spaced and of total area suitable to the 
quantity of gases to be handled. Standard-gage boiler tubes, 
enter these openings, at right angles, turn through 90 deg and 
run horizontally the length of the heater to a tube header at the 
front end, Fig. 4. The flue gases are drawn through the tubes to 
the exhauster. The advantages of this arrangement are that the 
gases are taken from the combustion chamber into a multiplicity 
of small, distributed openings, whereby they are well spread over 
the air-cooled surface, and both localized overheating and short- 
circuiting are prevented. The tube bank is thus located out of 
the way, in a space for which there is no other use. The location 
is also convenient for leading the gases to the exhauster and for 
finally disposing of them. 

In a heater of this type, the overfire draft is normally about 0.1 
in. of water, and is maintained with an adjustable damper. With 
this controlled draft, and with the top rear location of the flue 
outlets behind a vertical baffle, there is little tendency to pull fly 
ash and soot into the tubes; but hinged flue doors are provided to 
give easy access to the tubes, and any soot which does collect in 
them can be brushed to the rear where it falls to the floor of the 
combustion chamber which has a door at the rear to give access 
for cleaning. 

The effectiveness of a tube bank as a heat-abstraction means is 
well known. The gases split up into a number of small streams, 
are so effectively cooled by the rapidly moving air stream from the 
fans passing over the tubes that average flue-gas temperatures 
through the variable load of a heating season, of 500 F, or lower, 
can be expected. 

In buildings where heaters of this type are used, floor space is 
usually at a premium. The addition of the stoker makes it im- 
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practical to locate the fans directly beneath the combustion cham- 
ber. For this reason, in the arrangement which is standard for 
al] except the largest sizes, the fans are mounted on top of the 
heater. They can, however, be located alongside the heater if 
space is available. The fan assembly consists of three air fans 
and the flue-gas exhauster, the fan wheels all being mounted on a 
common shaft and driven by a motor through V-belts. The 
stoker has its own separate fan for supplying combustion air and, 
in case of main-air-supply failure, the stoker including the forced 
draft is shut down by a sail-switch in the heater air stream. The 
induced-draft fan mounted on a common shaft with the main-air- 
supply fans provides a positive induced-draft cutoff in case of 
failure of the main air supply, and therefore is a built-in safety 
feature to protect the heater. In other words, there is always 
cooling air passing over the lieating surface while there is draft in 
the furnace. 

Depending upon where it is desired to locate the ducts or to 
discharge the warm air, the air from the fans can either be blown 
down across the tube bank and over the sides of the combustion 
chamber into underground ducts or, if overhead ducts are to be 
used, the fans can be reversed and used as suction fans, and cold 
air taken in near the floor all around the heater and discharged at 
the top either vertically or horizontally. In the smaller units 
rated at 750,000 to 2,500,000 Btu per hr output, the warm air 
can be discharged at the top horizontally through louvered out- 
lets or stub horizontal ducts at velocities of 2000 fpm. In this 
manner, heated air can be effectively distributed at distances of 
100 to 200 ft, displacing cold air drawn from near the floor. 

Experience has shown that, with the latter method of distri- 
bution, the temperature rise of the air as it passes through the 
heater should be about 80 F in order to provide greatest comfort 
for the occupants of the building. Accordingly, the quantity of 
air passed through the heater is about 11,600 cfm for each 1,000,- 
000-Btu per hr output. 


ARRANGEMENT FOR TESTING 


Careful tests of the 4,000,000-Btu per hr heater were made 
in May, 1942. 
In the heater tested the fans and the tubes, instead of being on 
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top of the unit, were located at the sides. Fig. 6 shows the test 
setup. Instead of the louvered outlets for horizontal discharge 
of the heated air, a rectangular box was provided at the top, 
through which the air was discharged vertically upward. 

The opening was cross-hatched so that 55 temperature readings 
covering the entire outlet area were obtained, using mercury 
thermometers. The temperature of the incoming cold air was 
measured by mercury thermometers located in each of the two 
openings common to adjacent forced-draft fans. The tempera- 
ture of the air leaving the tube bank was likewise measured by 
mercury thermometers. 

The higher temperatures were measured by means of ther- 
mocouples and a potentiometer. These include the temperature 
of the gases at the entrance to the tubes on each side, and the 
temperature leaving the tubes. The temperature of the gases 
leaving the tubes and before entering the exhauster was con- 
sidered as the final gas temperature for the unit. 

The coal was weighed on scales on the shop floor, and was then 
raised and deposited in the hopper of the stoker. For accuracy, 
the upper flared part of the hopper was removed and the coal 
was leveled with a straightedge at the beginning and after each 
hour of the test run. 

For sampling, the tentative method of the A.S.T.M. was 
used. Both proximate and ultimate analyses of the coal sample 
were made. The calorific value was determined in a Parr adia- 
batic bomb calorimeter. 

The ash in the form of clinker was removed at suitable times, 
and subsequently reduced and subjected to laboratory analysis. 

The quantity of air heated was found from the air-tempera- 
ture rise, and the heat imparted to the air determined as the dif- 
ference between the heat in the fuel and the sum of all measured 
losses. The gaseous products of combustion were sampled and 
analyzed with the standard Orsat apparatus. 

Pressures and drafts were measured at a number of significant 
points on both the combustion and air sides. 


Test 


The measured test data, calculated values, and heat balance 
are given in Tables 1 to 3. 
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TABLE 1 TEST OF COAL-BURNING-TYPE DIRECT-FIRED 
HEATER 


Date of test May 15 and 16, 1942 
Location Waukegan, Ill 
Duration of test 8 hr 
Iron Fireman No, 4-A, Long 
26.25 sq ft 
X 1/s-in. Eastern Kentucky stoker coal 


Measurep Test Data 


Coal consumed, as fired, lb 

Higher or gross calorific value of coal, as fired, Btu perlb.... 
Weight of solid refuse, lb 

Temperature of air entering fans, F 

Arithmetical average of temperatures of air leaving heater, F 


noe 


Temperature of air leaving tube bank, F 

Average temperature of gases entering tubes, F 

Average temperature of gases leaving tubes, or final gas 
temperature, F 

Temperature of air outside building, F 

Static pressure in air plenum chamber of heater, in. of 


PROXIMATE ANALYSIS OF COAL 
As received Dry 
Moisture, per cent 3.33 a 
Ash, per cent 
Volatile matter, per cent 
Fixed carbon, per cent 


5.20 
40.42 
54.38 
100.00 
2.28 


5.03 
39.07 


52.57 


100.00 
2.20 


Sulphur, per cent 


ULtTIMaTEe ANALYSIS OF COAL 


As received 
Moisture, per cent 
Carbon, per cent 
Hydrogen, per cent 
Oxygen, per cent 
Nitrogen, per cent 
Sulphur, per cent 
Ash, per cent 


PROXIMATE ANALYSIS OF ASH 


Combustible, per cent 
Ash, by difference, per cent 


ANALYsIs OF Dry Five Gases 


Carbon dioxide (CO:), per cent 
Oxygen (O2), per cent 

Carbon monoxide (CQO), per cent 
Nitrogen (N:) by difference, per cent 


TABLE 2 CALCULATED VALUES 


Weight of coal as fired, lb per hr 

Weight of dry coal, lb per hr 

Heat input in coal, Btu 

Btu release per cu ft hr 

Excess air, per cent 

CO escaping unburned, |b per |b of coal 

Weight of dry flue gases, |b per lb of coal 

Weight of carbon unburned, in refuse, lb per hr 

Carbon burned, lb per Ib of coal 

Relative humidity of air at fan inlet, per cent 

Moisture entering in air, |b per lb 

Moisture in coal, lb per lb of coal 

Power input to fans, shp 

Mean temperature rise of air, F 

Heat imparted to air and radiated from casing, calculated 
by difference (input minus sum of losses), Btu per hr 

Rate of firing, lb of coal per hr per sq ft of grate area 

Power factor, average, per cent 

Motor efficiency, estimated from known efficiency of similar 
motors, per cent 

Air delivered, as calculated from items 46 and 47 (55 F, 51 
per cent relative humidity), cfm 


4,777,931 
16.2 
76.2 
82.0 

48,119 

TABLE 3 HEAT BALANCE 


Heat input in coal 
Heat loss due to moisture in coal 


6 
2,567 
11,232 


2 It is realized that figures to the third decimal place are not warranted by 
the degree of accuracy of engineering measurements, but they are given for 
the sake of arithmetical accuracy. 
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No trouble from clinkering developed during the test. The 
output of 4,777,000 Btu per hr was almost 20 per cent above the 
rated capacity of the heater. The efficiency, based on the heat- 
balance-by-difference method was 81.4 per cent. 

The accuracy of heat-balance tests for steam-generating equip- 
ment has been ably advocated in papers presented by B. J. Cross,? 
and E. L. McDonald and R. Winters.* In the Cross paper, it was 
pointed out that the total maximum error in obtaining the effi- 
ciency of a boiler and furnace by this method was approximately 
1.4 percent. It might be well to mention that the variable which 
is due to radiation loss is hard to measure in a large boiler, while 
direct-fired heaters are either located in the heated space or in a 
plenum chamber through which the heated air is passed and, in 
consequence, any radiation loss goes into useful heat. For all 
practical purposes, the heat-balance method is probably the most 
accurate way to test a large air heater. 

The figure for the combustible content of the ash, namely, 0.72 
per cent, would appear to be low. In this heater, fired with a 
simple underfeed stoker, the carbon loss in the ash is low because 
the glowing clinker having formed on the dead plates (not shaker 
grates) alongside the stoker retort is, due to the air-cooled set- 
ting, easily turned up with a bar to the top of the fire and burns 
there for a considerable length of time before removal so that 
the carbon is rather completely burned out. 

A discrepancy of greater importance seemed to be indicated 
by the figure 0.08 per cent of CO in the flue gases, which also 
would appear low in view of the very high carbon-dioxide 
(14.22 per cent) and low oxygen content of the gases (4.32 
per cent). The slowness of action of the Orsat solution used for 
absorbing CO, and the rapidity with which it becomes exhausted, 
are well known, and the true CO content of the flue gases there- 
fore may well have been higher than the 0.08 per cent indicated 
by the Orsat readings. There may also have been fractional 
percentages of hydrogen and methane escaping unburned in the 
flue gases, as the Orsat does not show these components. 

Even after making a tentative reduction, by assuming more 
probable values for these questioned items, and by allowing for 
the possible presence of H; and CH,, it still appears that the effi- 
ciency is around 80 per cent, which, for a coal-fired heater, oper- 
ating considerably beyond its rated capacity, is decidedly good. 


Heat TRANSMISSION 


An interesting question is the rate of heat transfer in the com- 
bustion chamber. Because of the number of interacting factors 
such as the continuation of combustion in the gases rising from the 
fuel bed, this is not amenable to calculation or prediction by the 
use of rationally derived equations, and empirical formulas such 
as that of Orrok‘ are ordinarily used. Figuring back from the 
measured temperature of about 1120 F, for the gases entering the 
tubes, calculating with known values of heat transfer by convec- 
tion plus radiation from gases in the section back of the bridge 
wall, it is found that the gases just beyond the top of the bridge 
wall must have had a temperature of about 1250 F, which means 
that about 63 per cent® of the heat in the fuel has been abstracted 
up to that point. According to the Orrok formula, only 57 per 
cent® of the heat would have been abstracted to this point, and 
the gases there would have had a temperature of about 1500 F. 


?“The Heat Balance Tests as a Means of Obtaining Evaporative 
Efficiencies of Steam-Generating Equipment,” by B. J. Cross, Trans. 
A.S.M.E., vol. 52, 1930, paper FSP-52-33. 

3 ‘‘Heat Balance Versus Weighed Boiler Tests,” by E. L. McDonald 
and R. Winters, Mechanical Engineering, vol. 59, 1937, pp. 93-96. 

4G. A. Orrok discussion of paper ‘Radiation in Boiler Furnaces,” 
by B. N. Broido, Trans. A.S.M.E., vol. 47, 1925, pp. 1123-1147; dis- 
cussion, pp. 1148-1155. 

* These figures refer to the total heat in the coal. When referred 
to the total heat transmitted to the air or water, the percentage of 
heat transmitted in the combustion chamber would, in both cases, be 
much higher. 


3403 

13799 
178.2 

55 < 

143.5 

78 

1117 

619 

38 

1 

12 oe 
13 
14 
15 
Dry 

18 78.26 
19 5.59 
20 7.30 i 
21 1.37 
22 2.28 eee 
23 
100.00 100.00 

100.00 

27 
100.00 

30 425.37 
31 411,21 
32 5,869,681 
33 11,500 se 
34 21 
35 0.00423 en 
36 13.415 aa 
37 0.1604 
38 0.7561 
39 51.0 
40 0.0600 
41 0.0333 
42 31.79 
43 88.5 
44 

45 
46 
47 
48 
Coal as 

fired, Btu Per 

per lb cente 

50 44 0.319 
51 Heat loss due to water from combustion of hy- eS 

52 Heat loss due to moisture in combustion air... . 16 0.114 ee. 
53 Heat loss due to sensible heat in flue gases....... 1,815 13.158 a 
54 Heat loss due to unburned gaseous combustible. . 44 0.319 ne 
55 Heat loss due to unconsumed combustible in ee 

56 Total losses accounted 18.601 
57 Heat imparted to air and radiated (by difference) ae 


284 TRANSACTIONS OF THE A.S.M_E. 


The heat abstraction, therefore, appears to be considerably 
more effective in this heater than in steam boilers from tests of 
which the Orrok formula was derived. During the tests, the 
heater was carefully watched for “hot spots” which might de- 
velop, the corrugated shell being observed through peep holes 
located at various points in the outer casing. No such localized 
overheating was observed at any time. 6 

That it is possible in an air heater to transmit heat Through the 
combustion-chamber shell at a rate which is of the same order of 
magnitude as that attained in low-pressure steam-heating boilers 
or about 6000 Btu per sq ft per hr, is due to the corrugation-fin- 
deflector combination shown in Figs. 2 and 7. The value 6000 
Btu per sq ft refers to the combustion-chamber walls and not to 
the total heating surface, comprising prime, secondary, and tube 
surface. A maximum of 3000 Btu per sq ft per hr for the total 
surface has been found satisfactory, with this heater. 

Each fin is welded throughout its length to the outer peak or 
ridge of the corrugation, and carries a deflector bent back toward 
the outer casing. This construction acts in a number of ways to 
increase the heat abstraction from the corrugated shell. It might 
be thought that the only effect of the deflectors is to increase the 
velocity of the air, but such is not the case; their chief function is 
to hold the flowing air in contact, or throw it back into contact 
with the corrugated shell and to force it to flow in the corruga- 
tions, especially when passing over the rounded parts where the 
air tends to hug the outer casing. The deflectors also increase 
the turbulence of the air stream at the place where this is most 
effective for wiping off the stagnant film of air from the corrugated 
shell. It is thought that vortex sheets are formed in the air 
stream at the trailing edge of each deflector, and are forced into 
contact with the corrugated surface by the air stream constrained 
by the succeeding deflector. The fins, being welded to form a 
metallic joint with the corrugated sheet, conduct heat outward 
and dissipate it to the air stream. Calculations, based on the 
theory of heat conduction, show that the fin surface would be 
about 55 to 60 per cent as effective per unit of area as the corru- 
gated surface. The deflectors also act as secondary heating sur- 
faces, receiving heat by radiation from the shell and dissipating 
it to the flowing air; in doing so they act as radiation shields with 
respect to the outer casing, which accounts for the very low per- 
centage of heat loss from the latter. 

That a high velocity of the air was not of itself sufficiently ef- 
fective was shown by a trial in the gas-fired unit in which the same 
fins were used but the deflectors were omitted, and the outer 
casing was moved closer to the corrugated shell. Although the 
true air velocity was as high or even higher than with the deflec- 
tors, overheating of the shell persistently occurred at some places, 
notably in the curved parts at the top. 


Sizes AND ARRANGEMENT OF HEATERS 


Coal-fired heaters are manufactured in nine standard sizes of 
from 750,000 to 4,000,000 Btu per hr output. Larger units up 
to 8,000,000 or 10,000,000 Btu per hr output are available to suit 
special conditions, but it is usually more economical to use several 
smaller units to make up the required capacity. Many varia- 
tions in the arrangement of the coal-fired heaters are possible. 
They can be fired with either anthracite or bituminous coal. The 
stoker may be provided with a hopper or may be arranged to feed 
coal automatically from the coalbin by an extended feed worm. 
The stoker can be located at the front of the heater or at the rear, 
whichever is the more convenient (but not at the side of the 
heater). The stokers are equipped with controls for safety, auto- 
matic operation and refueling. This latter term refers to the 
functions of a control which automatically turns on the stoker 
every few hours, to keep the fire lighted in mild weather, even 
though the thermostat does not call for heat. For burning coal, 
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hand-firing is possible in this heater, but not usually desirable be- 
cause of the smoke nuisance and the difficulty of controlling the 
fire. The capacity and efficiency of a stoker-fired heater is so 
much greater than that of a hand-fired one that it is usually ad- 
visable to use the stoker, except when critical material restrictions 
make this impossible. An exception to this occurs when burning 
coke, which on the one hand, burns smokelessly, and on the other 
hand, cannot be fired satisfactorily with an underfeed stoker. 
When hand-fired grates are used, either for coke or coal, an under- 
grate forced-draft blower is furnished to synchronize automati- 
cally with heat demands. Coal-fired heaters can be fired with 
oil or gas if changing fuel conditions make this desirable. This is 
important in view of probable future removal of restrictions. 

These heaters require no expensive foundation, nor do they re- 
quire insulation, as the outer steel casing is kept cool by the rap- 
idly moving air stream inside it. What heat does escape is ra- 
diated as useful heat into the room, or plenum chamber, so that 
the only losses are those in the flue gases and carbon in the ash. 
The saving of fuel, as compared to a steam-heating plant with its 
possible radiation, condensate, and stand-by losses, may amount 
to 25 per cent or more. 

Some objections which have always been raised to the use of a 
number of coal-fired heaters or boilers distributed throughout 
the plant, are the troubles of distributing coal to and collecting 
the ashes from a number of scattered points, and the presence of 
dust and ash dust floating about and settling on everything in the 
plant or building. Some years ago, these were very pertinent 
objections, but with recent improvements not only in heaters but 
in fuels they have lost most of their point. 

The increased use of domesti¢ stokers and the competition of 
oil and natural gas in recent years for house heating, have resulted 
in the production of “stoker coal,” which is sized, washed or air- 
cleaned, and treated by one of several processes to make what 
dust remains nonfloating. Such stoker coal is now on the mar- 
ket almost everywhere, and when using it there need be no fear 
of dirt from the coal. Those who have used it for heating their 
homes know the advantage over the old-style untreated coal and 
find their furnace rooms practically as clean as when burning gas. 
The stoker coal costs more than the untreated coal, but the 20 to 
25 per cent reduction of fuel consumption in the unit heaters, as 
compared to a steam-heating plant, usually makes up for the addi- 
tional cost per ton. As to ashes, as previously stated, the stoker 
does not produce fine ashes, but porous clinkers, and if the latter 
are removed with reasonable care into covered cans and trans- 
ported in these, there will be practically no ash dust in the build- 
ing. 
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RUSH—DEVELOPMENT AND PERFORMANCE OF A COAL-FIRED UNIT HEATER 


With such an installation of unit heaters, large-scale and costly 
coal-handling equipment including conveyer, bunkers, etc., is 
eliminated. Usually, small individual bins can be suitably spaced 
around the outside of the building, and from each bin the coal is 
fed to its stoker by an extended feed screw. Trucks with lift 
bodies are today available almost everywhere, and from them the 
clean stoker coal may slide directly into the coalbin. In general, 
it costs less to handle coal in this way than with a large central 
coal-distributing plant. In many localities, the dealer who 
supplies the coal will also take away the clinkered ash. 

Where it is necessary or preferable to have the coalbins inside 
an industrial building, the coal and ashes can be handled by the 
traveling crane available in the building. A central coal-storage 
bin is provided, accessible to the crane and filled by a simple coal 
hoist. Containers filled at this bin are carried by the crane to 
each stoker bin or hopper, and discharged into the latter through 
a spout from the bottom of the container. 

In those plants where it is not desirable, or convenient, to heat 
with small units arranged throughout the heated space, central 
systems are advantageous. The heaters, in large sizes, are placed 
in a heater room similar to a boiler room, and the heated air is 
taken by overhead or underground ducts to the various parts of 
the building to be heated. This provides a central location for 
handling coal and ashes. This type of system, as a whole, 
is ideal for ventilation as well as heating, but is considerably 
more expensive than smaller units without ducts. 


PARTICULAR ADVANTAGES OF Direct-Firep Unit HEATERS 


Two advantages of direct-fired unit heaters are of particular 
importance at the present time in relation to the man-power 
situation. Specialized or skilled labor is not necessary, as jani- 
tors and maintenance men can operate them. Few man-hours 
are consumed in assembling the heaters in the field, since the lin- 
ing of the combustion chamber with refractory is done at the fac- 
tory; the fan assembly and other component parts are completely 
factory-fabricated, and only the installation of the stoker and the 
bolting together of the various components need be done in the 
field. 

The saving of metal by the use of these heaters is of even greater 
importance in view of the present serious shortage of steel. For 
example, a comparison of the total weight of steel necessary for 
heating a plant which required 183,000,000 Btu per hr, showed 
that a steam plant, using high-pressure steel boilers, would have 
required 880 tons of steel, of which the steam and return piping 
accounted for more than the boilers themselves; whereas the com- 
plete unit-heater installation required a total of 530 tons of steel, 
resulting in a saving of about 40 per cent in the critical-material 
requirement. An even greater saving in metal was reported in 
the case of some naval supply depots requiring 40,000,000 Btu 
output. The steel-plate heaters, actually installed, including 
stokers, fans, and motors, required less than 250,000 lb of critical 
materials, whereas the steam plants considered, using low-pres- 
sure cast-iron boilers, were reported to require over 600,000 lb of 
steel and cast iron. 


DesIGN oF A REFRACTORY HEATER 


Regardless of these large material savings, the metal short- 
age developing with war demands, made it imperative to elimi- 
nate yet further the now-precious material, if practical, by the de- 
sign of an all-refractory heater. This meant a radical change in 
the entire setup, because of the entirely different physical and 
thermal properties of the refractory materials available, from 


those of steel. Refractories have much lower thermal conduc- 
tivity and tensile strength, and usually a greater thermal expan- 
sion than steel. They are brittle rather than tough, and they 
have considerable permeability to gases. Furthermore, because 
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of the limitations of the processes by which refractory shapes are 
manufactured, if made with the thin walls required for fairly 
rapid conduction of heat, they cannot economically be made of 
any large dimensions in length or breadth; and even if they were 
so made, would of themselves crack into smaller pieces because of 
the stresses produced in them under temperature differences. 
The maximum linear dimension found to be satisfactory in thin 
sections of fireclay refractory is about 2 ft or at most 3 ft, and the 
minimum wall thickness at present is about !/; in. 

These limitations mean that, in order to obtain sufficient heat- 
transmitting surface, the heater must be built up of a large num- 
ber of refractory units, through the joints of which leakage of air 
or of gases tends to occur. The joints cannot be cemented so that 
the entire assembly is monolithic, as cracking would then be sure 
to result. Furthermore, no packing material is known which re- 
tains its elasticity at the temperatures prevailing. The solution 
of the difficulty lies in having the joints horizontal, so that the 
weight of the tiles above will tend to keep them closed; in making 
the ends of the tiles smooth, setting the joints with suitable non- 
fusing cement, and making sure that the temperature conditions 
are as uniform as possible throughout each horizontal plane of the 
heater; and most important, in balancing the pressures or drafts 
so that the difference of gas pressure between the two sides of the 
heat-conducting wall is negligibly small. 

The requirement of temperature uniformity in each horizontal 
plane means that the tiles must not be exposed to direct radiation 
from the fuel bed in coal-fired heaters, as the side of the tile near- 
est the fuel bed would become much hotter than the other side. 
This means that a Dutch oven must be provided, in which com- 
bustion will be completed and from which the hot gases will pass 
through an opening made rather narrow to reduce radiation, into 
the space above the top of the hollow tiles. 

In a Dutch oven, at best, only 20 to 25 per cent of the heat can 
be recovered by circulating air about its walls, leaving 75 to 80 
per cent to be handled by the heat exchanger. In a corrugated- 
steel-plate heater, approximately 75 per cent of the heat recovered 
is in a combustion chamber, leaving only 25 per cent in the tube 
bank. 

The limitations of the refractories at present available set a 
rather definite limit to the rate of heat transmission and the dif- 
ference of temperature which can be allowed between the gas 
side and the air side of the tiles in any one plane, if cracking is to 
be avoided. With present fireclay tiles, this difference is about 
1000 to 1200 F for walls '/;in. thick. Evidently then it is neces- 
sary (1) to design for counterflow (direction of motion of hot 
gases opposite to direction of air flow) in order to have the hottest 
air opposite the hottest gases; (2) to cool the combustion gases as 
much as possible before they enter the hollow tiles. The latter 
object could be attained by making the firebrick walls of the com- 
bustion chamber or Dutch oven as thin as is consistent with 
strength, providing an outer casing around the oven, and forcing 
a part of the air to be heated through the space between the oven 
wall and the casing. This has the additional advantages of help- 
ing to save the highly heated walls of the combustion chamber 
from rapid deterioration, by reducing their temperature some- 
what, and of providing heat-transmitting area in addition to that 
comprised in the tubes or hollow tiles. 

Even these two expedients, however, would be insufficient, and, 
in order to reduce the temperature differential at the hot end of 
the tile flues to a safe value, the amount of air passed around the 
tubes or hollow flues must be restricted to a fraction of the total 
volume of warm air required, so that it will attain a final tempera- 
ture of at least 1000 F. This highly heated portion of the air 
must then be blended with the warm air passed over the walls of 
the combustion chamber and with the greater part of the total 
air quantity drawn directly from the atmosphere, so that the mix- 
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ture finally leaves the distributing fan at about 180 F. This 
temperature is suitable in a duct-distributing system, and, of 
course, by varying the amount of tempering air can be adjusted 
to suit any reasonable demand. 

In order to balance the pressures, two air fans are provided. 
The first forces cold air over the combustion-chamber walls and 
also supplies that part of the air, dampered down to a slight posi- 
tive pressure, which is to pass around the tile flues. The second 
fan supplies the suction required for drawing in the additional 
cold air from the room and blending it with the warm-air stream; 
drawing the mixture into its intake, further blending it in its vanes 
and then raising it to the positive pressure required, either for 
discharging it in the form of directed free streams of air into the 
room, or for passing it through distributing ducts. 

Such an all-refractory heater, as designed, is shown in Fig. 8. 
The refractory units making up a heater of this type have been in 
use in the steel industry* as recuperators for many years, and are 
suitable for use in this application if the steel savings are justified. 
Refractory material for their manufacture is said to be available 
for prompt delivery. As to cost, such heaters would be consider- 
ably more expensive than steel units, and necessarily are more 
bulky, because the combination of low velocity on the air side as 
limited by the small pressure difference available without causing 


‘ “Studies of Regenerative and Recuperative Furnaces,’’ by W. A, 
Morton, Iron and Steel Engineer, vol. 15, Jan., 1938, pp. 24-34. 


leakage, low thermal conductivity of the refractory, and smaller 
average temperature difference as limited by danger of cracking 
the tiles, necessitates a much larger area of heat-transmitting sur- 
face than in the steel-plate heaters. 

It is interesting and astonishing to note that the weight of the 
structural steel required for the binding (buckstays and tie rods), 
for the Dutch oven, suspended arch, and heat-exchanger walls, 
amounts to 35 or 40 per cent of the entire weight of steel in a com- 
parable steel-plate unit heater. This small saving in steel does 
not offset the other disadvantages of a refractory heater, and 
would seem to indicate its use for this application as not being 
justified. It should be borne in mind, however, that with such a 
refractory heater, extremely high-temperature air is available for 
certain process or drying applications, where heretofore heat- 
resisting alloy steel or even silicon-carbide tubes were thought 
essential. ; 


SUMMARY 


From the foregoing, it will be evident that a coal-fired heater 
of the steel-plate type has been developed which is compact, self- 
contained, and adapted not only to the present fuel situation but 
also to any changes which may occur later; and that in this heater 
the requirements of critical materials, of man-hours of labor, and 
of fuel have been reduced to the minimum, so that it is especially 
suited to the exigencies of the present war conditions. 
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Improved Hydraulic Presses for 
Wartime Requirements 


By J. 


This paper describes a new rapid-action self-contained 
hydraulic press developed for wartime industries in Can- 
ada. Since this mass-production press employs oil as the 
pressure medium, the power unit is of special interest. 
This the author deals with at some length. The opera- 
tions for which the press is particularly adapted, namely, 
drawing, indenting, and loading cartridge cases, are de- 
scribed in some detail, as are also the methods of press 
control. A suitable hydraulagraph was developed for 
measuring pressure changes, and this instrument provides 
a permanent graphic record of tests on modern presses. 
The “one-shot” press and a 300-ton gun-straightening 
press are also discussed. 


INTRODUCTION 


HEREAS certain improvements have been indicated 
in the economy of operation of a hydraulic press, quite 
a number still employ water as the pressure medium, 
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Fig. 2. Typican Dominion SpeeEp-Hy-Matic Press 
and the original idea of a separate press with its power units 
strategically grouped around it is still very prominent. 

In modern times the hydraulic press has been improved in 
accordance with requirements of mass production, which de- 
mands have grown continually more exacting. An entirely new 
type of press has been developed. 


Tue New ic Press 


The principal features of a Dominion “Speed-Hy-Matie” 
press are indicated in Fig. 1, and the machine itself is illustrated 
in Fig. 2. The schematic circuit diagram is indicated in Fig. 3, 
which shows a press employing oil as the pressure medium, and 
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which is entirely self-contained with a circulatory system. The 
power unit comprises one or more high-pressure radial piston 
pumps, direct-coupled to the motor, and these with suitable 
electrical starting equipment and oil tanks are all carried on the 
press proper. The overhead prefill tank carries the oil supply 
and a filling check is located in the top head, interposed between 
this tank and the cylinder. This prefill valve is of special design, 
streamlined for flow in both directions, as indicated in Fig. 4, 
in order to permit the main cylinder to fill without turbulence, 
thus preventing cavitation and eliminating time lag prior to 
pressure development. With this design, we obtain approach 
or prefill speeds up to 20 ips without cavitation. As soon as 
the work is contacted, the prefill valve closes automatically so 
that the pumps which were previously only augmenting the flow 
now develop pressure immediately against work resistance. 
This work stroke occurs at absolutely uniform speed. The press 
is tripped to return automatically to its upper position, by 
certain embodied devices, either on the attainment of a pre- 
determined adjustable pressure, or at any adjustable distance 
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in any portion of the work stroke. The upper position limit 
is also adjustable at the will of the operator, which means that 
the daylight is variable as well as the pressure stroke. This 
permits the most efficient operation, since the press is adjustable 
in all respects to suit the peculiar nature of the work. When the 
slide attains the desired top of stroke, the continuously running 
pumps are stroke-neutralized in order to pump just enough 
pressure fluid to overcome system leakage and to develop no 
more pressure than is necessary to support the moving mass. 

Another feature of the modern press is the use of the recently 
developed automatic vee packing in split-ring form, all ex- 
ternally applied to facilitate repacking, with bronze-lined, steel, 
gland rings, as indicated in Fig. 5. 

The rigidity and permanence of press alignment is prescribed 
by the heavy side housings, which are keyed both ways, top and 
bottom, to the press heads and are provided with accurate 
guiding faces for the adjustable gib guides shown in Fig. 6. The 
forged-steel columns are preshrunk through the whole assembly 
by heating and then tightening beyond their normal working 
stress so that there is no working between adjacent contact 
surfaces. 


Power Unit 


The radial piston pump, Fig. 7, which is of the positive-dis- 
placement type, supplies the pressure oil to the various cylinders 
by suitable valve control. 

The pump consists of a cylinder assembly mounted in ball 
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bearings, fitted with lapped radial plungers, and driven by a 
spindle, so that as the cylinder rotates, the plungers are carried 
with it. The outer ends of these plungers are pivoted on bronze 
slippers, and their thrust is taken in the floating-ring assembly. 
The floating ring, which gives stroke to the pistons, is moved 
in a lateral direction by one or more devices. The “fluid-end”’ 
cover carries the stationary ported-valve pintle in the center of 
the assembly. Rotation of the drive shaft and cylinder body 
causes rotation of the pistons also, so that when the floating 
ring is moved off center, piston displacement occurs, and the 
pump discharge is proportional to the shift of the ring. A 
7-cylinder pump rotating at 720 rpm will develop 84 small 
pressure crests per second, so that the overlapping discharge is, 
for all practical purposes, without pulsation. 

The dual automatic pump control is also shown in Fig. 7, 
one side being an “on-stroke’”’ and the other an “off-stroke”’ 
control. The former is a “stroke-holding cylinder assembly”’ 
to hold the pump on full stroke and maximum discharge, ob- 
tained by means of a spring at the starting low pressure, which 
is augmented by an assisting hydraulic cylinder at the higher 
developed pressures. The off-stroke control is a mechanical 
leverage operated by the press return at the upper position 
limit of travel to neutralize the pumps for leakage discharge 
and press sustenance. 

The lubricating oil is employed particularly for pump re- 
quirements, being approximately 8.A.E. 45 and highly tempera- 
ture-stable, with a viscosity approximately 920 SUV at 100 F 
and better than 340 SUV at 132 F. The internals of the pump 
derive lubrication from a 3 to 5 per cent prescribed leakage past 
the lapped pistons and valve pintle to absorb the heat of the 
internal friction, which oil drains to the sump tank and is pumped 
back to the prefill tank through an oil cooling system. 
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Simple balanced piston valves as shown in Fig. 8 are satis- 
factory in operation with this oil, and wear and maintenance 
are negligible. 


DrawinG, INDENTING, AND HEADING CARTRIDGE CasES 


In the selection of a press required to perform a prescribed 
function in ecartridge-case manufacture, one should choose a 
machine which is designed to suit the nature of the work, and 
if possible it should be capable of handling another allied opera- 
tion just as efficiently when another machine in line is tempo- 
rarily shut down for adjustment or repair. At first sight this re- 
quirement of double duty in emergency, with maximum efficiency 
for both cycles, appears to be almost beyond attainment. An 
examination of the leading characteristics of available machines 
indicates that this is not the case, and that they may be fitted 
into either of two important classifications: 


1 The fixed-stroke type with fixed daylight. 
2 The variable-stroke machine with variable daylight. 


The two groups are so fundamentally different that a com- 
parison of the leading characteristics shows the former to lack 
certain desirable features. A fixed-stroke press may be de- 
scribed as a machine whose mechanism, such as slider crank or 
crank toggle, will employ an effort over a long distance to produce 
a higher effort through a shorter distance and thus develop 
mechanical advantage. In this kind of machine, the opening 
gap, or daylight, is a fixed dimension except for a minor essential 
adjustment, and the stroke of the machine is definitely fixed by 
the throw of the crank. Once a mechanical press of this kind is 
set up for a certain operation, and the crank speed decided upon, 
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the maximum drawing speed becomes fixed, and this is not a 
desirable feature. 

Drawing. Experiments in a certain arsenal, where special 
tools and Carboloy dies were employed, indicate a limit draw 
speed for cartridge-case brass as follows, in connection with 75- 
mm Cases: 


First and second draw... 35 fpm 
Third draw..... 30 fpm 
Fourth draw. 25 fpm 


and this under favorable conditions with a laboratory atmos- 
phere, accurate annealing control, with trained workmen and 
first-class technical supervision. 

In Canadian factories, with the new oil-hydraulie press, raw 
labor, and standard commercial high-carbon-steel tools, we 
regularly draw at a speed of 27 fpm, and this on the fourth-draw 
operation of the 25-pounder case. 

A 60-ton Speed-Hy-Matie press with an adept operator has 
regularly produced 1450 first-draw pieces per hr for the 25- 
pounder cartridge case. 

Fig. 9 shows various stages in the manutacture of 4-in. 
cases. 

Fig. 10 shows the velocity-stroke diagram of a crank press 
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flange. Automatic variable-tonnage heading and indenting are 
now accepted as standard practice. In both of these operations, 
the press must necessarily operate against solid resistance in the 
form of a tool post. With mechanical presses, it is essential that 
the tool post be set accurately as regards height, but a gradual 
reduction of tool-post height occurs by repeated operation, be- 
cause of the ironing and work-hardening of the member which 
must necessarily occur; the effect is expressed in reduced tonnage 
on the work so that adjustments become necessary. Whenever 
a tool post is replaced because of breakage or undue wear, the 
tonnage adjustment on a mechanical press must be repeated, 
for without this there is risk of mechanical failure due to excess 
tonnage developed at the end of the stroke. 

In the new oil-hydraulic press it is stressed that the stroke 
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compared with the modern oil-hydraulic press, with the tooling 
employed in the fourth draw of a 25-pounder cartridge case. 
Cyclic times for the operations are also given. 

It is axiomatic that the velocity diagram of the crank pross is 
a sine curve, and it is seen that the tool must strike the work 
with a very considerable impact, for at the instant of contact the 
speed is 70 fpm which diminishes to 27 fpm throughout the stroke 
according to the law of simple harmonic motion. This means that 
as the draw punch proceeds, the metal is constrained to move at 
a speed which varies greatly; this is not the best practice for 
drawn work. Present evidence, borne out in practice, indicates 
that this rapidly changing velocity prevents full advantage being 
taken of the capacity of the metal to suffer plastic deformation, 
and rupture may occur. 

Indenting and Heading Cartridge Cases. “Indenting” is the 
operation of making the pressed depression in the head of the 
case, subsequently machined to take the primer. 

“Heading” is the term used to describe the pressing operation 
to increase the hardness of the head and form the retaining 


Fig. 11 ror HEADING OPERATION 


and daylight may be varied so that variation in tool-post height 
does not affect either the safety or the life of the press or of the 
dies themselves. 

Fig. 11 shows the typical tooling employed in either of these 
operations. In an oil-hydraulie press, overloading is impossible, 
first because of a pressure trip which is adjustable and active 
up to the maximum tonnage of the press, and also because of 
relief-valve protection. 

Heading and indenting sometimes have to be done in two 
stages, and it is possible to employ two alternate separate selected 
tonnages in one press, each as best suited for either stage of the 
work. In a toggle-operated press, there is no slowdown at work 
contact, whereas, in an oil-hydraulic press, this feature is normal 
design so as to eliminate the impact on the workpiece. Further- 
more, on work contact, the pressure is gradually built up hy- 
draulically against resistance until the desired maximum is 
exerted. This gradual pressure build-up means that, in heading 
some cases, such as in 75-mm and 6-pounder cases, double-stage 
heading has been found unnecessary. 
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COMPARISON OF THE Two METHODS OF PRESS CONTROL 


The unidirectional pump discharge with shockless valve con- 
trol has already been explained in connection with the Dominion 
Speed-Hy-Matic self-contained press. At a later stage in this 
paper a description is given of a hydraulagraph whigh was de- 
veloped to permit an analysis of the valve action, thus providing 
a shockless tuning-up of the press in operation. 
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A brief description of a press circuit having a two-way pump 
is necessary at this point. Fig. 12 indicates such a typical 
circuit. 

During prefill, the pump withdraws oil from the pull-back 
annulus so that the pump port A is the suction, and pump port 
B discharges into the main ram area. The pumping rate governs 
the prefilling speed so that high approach speeds are limited. 
The prefilling valve C in the cylinder head provides oil from the 
overhead tank to augment the pump discharge into the main- 
cylinder volume. At work contact, the prefill valve closes, and 
the pump pressure completes the pressing stroke. 

During this part of the cycle, the quantity of oil from the ram 
annulus is insufficient for pump suction, so that the check D 
operates to supply make-up oil from the overhead tank. 

During the whole of this portion of the cycle, the pump has 
remained ‘‘on stroke”’ in the one direction, but, for the press-ram 
return, the pump is forced over through neutral in order to re- 
verse the flow. It seems obvious that this action cannot be 
effected as rapidly as the movement of a simple shockless bal- 
anced piston valve. Hence, for a really fast operating cycle of 
1500 per hr and over, the valve-control design is a natural 
selection. 


DEVELOPMENT OF A SATISFACTORY HyDRAULAGRAPH 


This instrument was designed to make possible the accurate 
measurement of the rapidly changing pressures encountered in 
modern high-speed hydraulic presses and to provide a permanent 
graphic record of tests. 

Recording pressure gages of various types were tried and 
rejected because of their high inertia errors and delicate actions 
which made them unsuitable for recording rapid pressure fluctu- 
ations. Further investigation revealed that the indicators used 
for testing Diesel-engine-cylinder pressures were both rugged 
and accurate and had a very low inertia error. An instrument 
of this type was obtained with a view to converting it to record 
in the higher range of pressures under study. The instrument, 
Fig. 13, was of Lehmann manufacture, with a high-pressure spring, 
designed to give a scale reading of 500 psi. The pressure 
cylinder was removed from the body of the indicator, and a 
steel block, having at its upper end a cylinder, one quarter of the 
area of the original, was screwed into the indicator body from 
below. The projecting lower part of the block formed the body 
of a three-way plug cock for isolating and zeroing the instru- 
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ment. A hard-steel loose piston was lapped into the cylinder; 
this had a mushroom head to bear on the original piston rod. 
Following calibration by means of a standard gage and dead- 
weight testing machine, the instrument was found to give ex- 
cellent stroke records, registering experimentally produced pres- 
sure surges up to 4000 psiintensity. However, it was found that 
in the stroke ordinate card, the important phenomena accom- 
panying press reversal were crowded at the point where the card 
was moving most slowly. In order to improve the picture and 
at the same time to enable the experimenter to analyze the time 
cycle of the press, it was decided to add an electric-motor drive 
to the indicator drum. 
A Warren Telechron clock motor, giving an output torque of 
0.1 in-lb at 4 rpm, was bracketed to the instrument and con- 
nected by a rubber-belt drive to the drum from which the return 
spring had previously been removed. The ratio of drive selected 
gave a horizontal ordinate of 15 see duration, generally enabling 
two or three complete eveles of the press to be recorded on one 


* 


# 


Fic. 13° LeHmMann Dieset-ENGINE INpicator CHANGED To Hy- 
DRAULAGRAPH 


card. A large number of successful cards were taken with this 
instrument on hydraulic presses employed in the manufacture of 
brass cartridge cases. It was found of great value in the final 
adjustment of the valves used in the more complex type of press, 
in which several cylinders were required to operate in sequence. 


ANALYSIS OF Press INDICATOR Carbs, AND TiME-CycLe SrupiEes 
In tuning up the 23 presses operating in a modern fully hy- 
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draulic plant, some very interesting diagrams were obtained; 
Fig. 14 shows one obtained from a 200-ton Dominion Speed-Hy- 
Matic press engaged in the cupping operation. Female labor 
is employed for press operation. The record was taken during 
a normal run in the early stages of production without the 
operator’s knowledge that the check was being made. Here it 
is seen that the necessary anticipatory feeding action on the part 
of the novice operator was lacking for a varying time lag of 0.5 
to 0.6 sec. This should be eliminated as the operator becomes 
more adept. The cyclic time of 3.5 sec should reduce to 3 sec to 
increase output from 1030 to 1200 workpieces per hr. The 
diagram, being smooth in character during the entire cycle, 
indicates shockless action because of correctly designed and 
well-adjusted valving. 

The diagram, Fig. 15, shows the card obtained from a 100-ton 
Dominion press engaged in the second draw operation of a 6- 
pounder case. Here again, there is evidence of an operator time 
lag of 0.6 sec, which when eliminated will reduce the cyclic time 
from 4.8 to 4.2 sec and increase output from 750 to 860 per hr. 
Some remarkable authenticated outputs are being obtained in 
another plant from a similar machine on 2-pounder cases. A 
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regular run in 7 hr 40 min gives a production of 11,000 second- 
draw pieces 41/, in. long from 3'/, in. long, and the shift record is 
12,500. The maximum, obtained with manual operation, shows 
an average rate of 1640 per hr and an average cyclic time of 
2.18 sec, sustained over an 8-hr shift. 

Fig. 16 shows one of the longer draws performed in a rapid 
60-ton Dominion hydraulic press. In this instance the load 
required at any instant of the cycle is accurately portrayed. 
The approach speed is very fast, giving 20 ips average. The 
pressing speed is nearly 5'/, ips, while the return speed is ex- 
ceedingly high, namely, nearly 25 ips. The effect of the latter 
may be observed at the end of return as the pumps are over- 
neutralized a little, as evidenced by the small local pressure 
drop, the subsequent pressure build-up, and the settlement to 
sustain the mass during the operator’s time lag of 0.5 sec. The 
cycle time with a trained operator can be reduced from 4.6 sec 
to 4.1 sec, with an increase in output from 780 to 880 per hr. 

In the fourth section of this paper a general description of 
indenting and heading has been given. A diagram obtained 
from a modern 800-ton indenting press is given in Fig. 17. 
This machine is equipped with a three-station automatically 
operated turret, viz., load, press, and eject. In the work cycle. 
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prefill or run down of the press ram occurs simultaneously with 
the hydraulie ejection of the pressed case, automatic pick-off of 
the case occurs at the same time as the work stroke, while the 
ejecting ram returns simultaneously with press return, the whole 
being a valve-controlled sequential cycle of events. The 
press is manually loaded prior to turret rotation and index, after 
which the operator initiates the press cycle by depressing the 
start button. The chart indicates that loading, indexing, and 
lag take up 1.5 see which can bereduced. The indicated output, 
however, is 735 workpieces per hr. 

Fig. 18 shows the chart obtained from a similar press but of 
1200 tons capacity employed for headirig. Here the indicated 
output is 720 per hr; the chart also shows a possible reduction in 
handling time. 


SHELL-FORGING PRESSES 


In the last war the cavity of the shell forging was rough- 
punched subsequently finish-machined. Today, shell 
cavities are finish-forged to fine finish and tolerance but, despite 
this radical change in manufacturing procedure, the method of 
shell forging in general use today shows but little advance over 
that employed previously. In a number of present-day plants 
two machines are used, one to bump and punch and one to draw. 
While the old draw rings are often replaced by draw rollers, the 
essentials are the same. Another process, developed in England, 
extrudes the shell forward through a free opening in an extrusion 
die. The billet is about twice the outside diameter of the 
finished forging, and hence tremendous pressure is required to 
effect the work. 

Another method which employs a single machine is of the 
multiple-progressive-punch type, and as many as five or six 
separate operations must occur successively on the billet, with 
consequential scale inclusions in the cavity. 

In the majority of methods in use, the metal must flow in a 
direction opposed to punch travel with consequent rapid wear of 
punch and die liners. The Dominion Engineering Works, 
Limited, made extensive studies of shell-forging methods, and 
the analysis indicated the following facts: 

To limit eccentricity when piercing, three improvements were 
necessary, namely, a very stiff press, an accurate punch guide, 
and the billet located centrally in the die. To locate the billet 
as required, a split die becomes necessary to develop a pinching 
grip. The best cross section of billet was decided as square, 
mosaic, or polygonal, with corner dimension slightly in excess of 
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the die bore so as to provide the grip. The understood limit in 
piercing speed was 25 to 30 fpm, and the draw limit speed 22 fpm. 
However, if a punch tip is to retain its diametral dimension during 
piercing to develop an accurate bore, and also to show any wear 
life, it must be removed from the hot metal before absorbing 
excessive heat. In consequence, it was decided that a higher 
speed was desirable, so that 85 fpm and over has been attained. 

When a punch enters a square billet in a die, the metal from the 
cavity has two possible paths in which to flow: The segments 
between the billet sides and the round-bore die are filled and the 
remainder increases the length. Lengthening can take place 
only in one of two directions, either against or with the direction 
of punch travel. Since all previous methods have a fixed base 
in the die pot, great punch pressure must be applied to pierce and 
cause metal flow past the punch-tip taper, up the die liner, and 
to oppose punch travel, especially since the pierced metal cools 
rapidly. The idea was developed to employ a hydraulic cylin- 
der, whose ram filled the die-pot base, with suitable valves, 
so that the retraction of this ram would provide controlled 
resistance. It was apparent that, if the billet were positioned 
longitudinally in the die pot by sufficient pinching grip, the excess 
metal would be constrained to move ahead of the punch tip. 
Thus, an entirely new ‘“‘one-operation” process for forging shells 
with finish cavities was evolved. 

A semiautomatic press employing but a single stroke of the 
punch into the hot billet, and having a self-opening-and-closing 
die, hydraulically cushioned, was designed to utilize the new 
process. 

It proved to be highly successful. Four machines have been 
put into operation, making 3.45-in. high-explosive, 3.7-in. anti- 
aircraft, 4.5-in. howitzer, 4-in. naval, and 5.5-in. high-explosive, 
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shell forgings. The forging pressures have proved to be so low 
(about 60 per cent of that for normal piercing) that an alloy 
cast-iron tip is employed with cast-iron die liners, and the over- 
all tooling cost is less than 10 cents per shell forging. Rejected 
forgings are exceedingly few with these machines. For one con- 
tract 15,707 forgings were made with only 121 rejections. Pro- 
duction rates are high, and results to date show that man fatigue 
and not the press imposes ¢he restriction on output. As an 
example, two hundred 4-in. naval shell forgings are easily handled 
in an hour. 

Fig. 19 is a diagram of the forging machine; the forging action 
is shown in Fig. 20. These diagrams are taken from a series of 
partially forged billets. The tooling in action when piercing a 
billet is seen in Fig. 21. 

In punch and draw methods of shell forging, there is great 
difficulty in obtaining a forging without a ‘“‘button’’ at the base 
of the cavity. This is due to faulty forging action and also the 
necessary technique to make a forging. After extrusion punch- 
ing, the forging is often placed over a steam jet to reduce partially 
the temperature at the base of the cavity before the forging is 
pushed through the draw dies or rollers. This is often necessary 
to hold the base thickness and prevent the draw punch from 
going through the base. The ‘“‘button”’ is thus formed by faulty 
forging action, because the metal remains static, and also by 
steam-quenching and cooling by the punch tip. 

In order to test the plastic flow of the metal during shell forg- 
ing in the Dominion process, and to demonstrate that the metal 
actually moved in the same direction as punch travel but ahead 
of it, certain experiments were performed. 

A series of 9 holes was drilled through several shell billets, some 
across flats and some across the diagonal, all on center. Threaded 
stainless-steel rods were inserted in these holes and the ends 
welded over and dressed. The various billets were forged !/3, 
“3, and full depth. Subsequently, the forgings were parted on 
the same center and ground. Figs. 22 and 23 illustrate the per- 
fect forging action and the complete absence of the “button,” 
for every inserted plug can be traced around the tip diminished 
'o « hair line in some instances. 


Gun-BarRREL FORGING PRESSES 


Fig. 24 illustrates a 2000-ton hydraulic forging press, designed 
and built in Canada by the Dominion Engineering Works, 
Limited, and used for the forging of gun barrels. It is equipped 
With front and rear pits which carry the hydraulic racking gears 


for mandrel forging. The press was supplied complete with all 
valves and piping pumps and motors to form a self-contained 
circulating system. 

There are three fluid systems, i.e., automatic low-pressure 
prefill to the work at 80 psi, for economy of high-pressure fluid; 
auxiliary medium pressure for the racking slides and pull-back 
eylinders at 2500 psi; and high pressure for forging only at 
5675 psi, up to a maximum of 2000 tons total pressure. 

The medium-pressure circuit includes a vertical triplex pump 
having a capacity of 37 gpm and driven by a 60-hp motor and a 
hydraulic accumulator of 10 in. diam and 12 ft stroke. 

The high-pressure circuit includes two horizontal duplex 
pumps, each having a capacity of 160 gpm and each driven by a 
600-hp motor. The press has « dual control for either forging 
or planishing and has an automatie pump unloader gear, with 
single-lever control. 


GuN-BARREL STRAIGHTENING PRESSES 


Fig. 25 shows a 300-ton Dominion hydraulic press of the 
horizontal gap type, complete with the necessary tank, valves 
and piping, pump, motor, and controls to form a self-contained 
circulatory system. 

While this press was designed by Dominion Engineering Works, 
Limited, primarily for the straightening of gun-barrel forgings, 
it will be readily seen that the press could be used for straighten- 
ing bars, pipes, or structural shapes, etc., as well as for bending. 

The pressing head is on the ram and there are two adjustable 
resistance blocks which can be varied in span from either side of 
the press. The forging to be straightened would be carried on 
stands located on either side of the press, the stands being 
equipped with roller rotating mechanisms to rotate the work, 
and adjustable wedge-operated supports to take the weight of the 
forging and bring it onto the pressing center line of the press. 
The press being of the horizontal gap type, the work is easily 
handled in and out of the press. Several presses of this type 
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have been built and are now in operation in gun-manufacturing 
plants in Canada. 

This circuit is most interesting, as two fluid systems are 
employed, as will be seen from the circuit diagram, Fig. 26. 
The pump is stroked by servomotor control, operated from the 
low-pressure pump at 80 psi. A differential valve is also em- 
ployed to compensate for the volumetric difference between 
the rapid-advance cylinder and the press-return cylinder, so 
that oil is pumped from one to the other as the press moves. 
Thus, when the press is advancing, the pump pressure closes the 
valve on the rapid-advance-cylinder side and opens between 
the return-cylinder connection and the oil tank. 

As the volume of the return cylinder is less than that of the 
rapid-advance cylinder, the additional oil required by the pump 
flows from the tank into the system. When the press is returning, 
the pump draws oil from the rapid-advance cylinder and exerts 
pressure in the return-cylinder line, moving the valve over. As 
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the volume of the system is how decreasing, the excess oil flows 
from the rapid-advance cylinder back to the tank. 

The servomotor for the pump-stroke control is a device per- 
mitting of infinitely variable discharge from either flange of the 
pump, by the application of a very light effort. 

The control operates through the admission of oil from an 
auxiliary pressure source to either end of the control cylinder 
through a special central valve. This valve is so ported that 
any movement in one direction causes oil to be admitted to the 
rear of the piston and to be exhausted from the front of the piston 
so that the latter moves in ‘he same direction until it becomes 
again centered with respect to the valve. 

The oil exhausted from the control passes through the pump 
casing and returns to the sump tank along with the leakage 
oil. 

A spring is provided on the control to bias it in one direction, 
thus eliminating the effects of backlash in the control mechanism. 
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Stress Analysis of Passenger-Car Trucks 


By J. C. TRAVILIA, JR.,! ano W. E. BURDICK? 


This paper discusses the Reuleaux loadings as applied to 
-railroad passenger-car trucks, together with the effect of 
modern high-speed brakes. The importance of laboratory 
verification of stresses is emphasized and test methods 
described. 


ODERN high-speed railroad passenger traffic has dic- 
Mee an ever-increasing vigilance on the part of pass- 

enger-car designers to insure that the high standards of 
safety shall be maintained. This is particularly true of car trucks 
where both vertical- and lateral-impact loads increase with an in- 
crease in the speed. Higher brake-shoe pressures have also 
added to the burden of the trucks. 

It is the purpose of this paper to outline briefly the design 
loads producing critical stresses and to offer supporting test 
data. 

A standardization of stress analysis for this type of equipment 
is not practical because of the wide variety of designs. For in- 
stance, a few of the variables involved are as follows; 


(a) Four- and six-wheel trucks. 

(b) Equalized and nonequalized trucks. 
(c) Single- and double-equalizer trucks. 
(d) Different spring suspensions. 

(e) Various hanger suspensions. 

(f) Various brake arrangements. 

(g) Tread brakes and disk brakes. 


COMPARISONS BETWEEN TRUCKS OF SIMILAR DESIGN 


The resiliency of springs and hanger systems bears on the prob- 
lem of load transmission so that judgment on stress limitations 
must be weighted by the type and manner of these suspensions. 
For this reason it is often wise to proceed with simple formulas 
on trucks of similar designs, comparing the stresses thus obtained 
with trucks in similar service which have proved satisfactory. 

If the absolute stresses are desired, maximum loadings should 
be considered with the stresses kept well within the fatigue limit 
of the material. However, the designer is cautioned that truck 
frames with their several integral members are statically indeter- 
minate under combined loadings, besides being subjected to second- 
ary stresses as the result of twist and nonaxial bending, re-entrant 
corners, etc., so that absolute stresses are difficult to calculate and 
must often be determined by laboratory analysis. 

Wheel, axle, and box designs have been well established by the 
Association of American Railroads, mechanical division, and 
will not be discussed. For ready reference, however, the stand- 
ard axle designations and their capacities are given in Table 1. 

It will be noted that recognition of the increased impact loads 
oceasioned by the higher speeds is reflected in the lower capaci- 
ties in passenger service, being roughly 85 per cent at 85 mph, 
and 80 per cent at 100 mph of the freight capacities. 

If a basis for calculating the absolute stresses is desired, the 
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TABLE 1 CAPACITY PER AXLE 


Freight Passenger service ——~ 
Axle Journal service, 85 mph max, 100 mph, 
classification size, in. Ib lb Ib 
A 33/44 7 15000 12500 12000 
B 414X 8 24000 20500 19000 
5 32000 27000 25500 
D > 1/2 10 40000 34000 32000 
E 6 x 11 50000 42500 40000 
F 61/2 K 12 60000 51000 48000 


authors offer the Reuleaux loadings which were accepted in 1896 
by the Master Car Builders? as a basis of axle design which has 
persisted until the present day. However, the brake reactions 
must a'so be considered and are treated later. 

The lateral-load value which was chosen by the Master Car 
Builders committee was 40 per cent of the vertical load which is 
approximately sufficient to overturn a car whose center of gravity 
is 6 ft from the rail. The vertical-impact-load values were ob- 
tained by calibrating springs in a car set of Fox-type trucks and 
by assuming that the maximum lateral force was acting at the 
time of the maximum vertical impact. The vertical load was in- 
creased 26 per cent to cover impact. The combination of 40 per 
cent lateral force and 26 per cent vertical overload acting simul- 
taneously is quite severe. Although present-day speeds are in 
excess of those at the time of the test, the spring suspensions are 
much more resilient so that it may be assumed that the spring- 
suspended parts are safely designed if calculated with the Reu- 
leaux system of loading. It will be shown later wherein tests have 
indicated that the actual lateral loadings may be less than under 
the Reuleaux system, even in high-speed main-line service. 

Fig. 1 represents the generation of the Reuleaux system through 
a typical truck. The original forces are as follows: 


P = vertical load carried plus 26 per cent 

H = 040P 

uw, = weight of bolster, bolster springs, hangers, and 
spring plank 

uw. = weight of truck frame, brake ete. 

ws, = weight of equalizer springs, equalizers, ete. 


hi, ha, hs are 40 per cent of w, we, and wz, respectively. 


The reactions, vertical R and horizontal 7, with illustrative 
subscripts can be readily obtained by considering the free-body 
equilibrium of the particular part in question. These reactions 
then become the loads for the adjacent part. In Fig. 1 the double 
arrows indicate the action-reaction forces. 

Swinc 
Fig. 2 illustrates the forces transmitted by the swing hangers. 


For any initial angularity, 


i 


R, 
V 


A first approximation will permit neglecting (d — y)? and 
(d + y)? as smail quantities of the higher order. Solving the 
foregoing equations for H gives 


3 Proceedings Master Car Builders, 1896, p. 150. 
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H = 
Ls — 2hd 


Ordinary hangers will transmit about 0.15 P, laterally, at 
maximum swing. Any excess will be transmitted by direct con- 
tact between the bolster and frame. 

In high-speed operation high brake forces are necessary for 
economical stops. There is a marked reduction of brake-shoe 
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friction with an increase in speed, and devices are in use which 
govern a graduated brake-cylinder pressure control in order to 
utilize, in so far as possible, the maximum coefficient of adhesion 
between the wheel and rail. Since, neglecting rotational inertias, 
the tangential-rim forces on a wheel must balance, we have a 
convenient means of evaluating the brake forces for purposes of 
stress analysis. In this force analysis, we will deal with the 
frictional coefficient u acting upon the normal force N, producing 
the retarding effort on the rim of the wheel. This method is more 
exact than the method of setting the rim friction as a function of 
the force applied to the brake shoe by the brake rigging. 
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Fig. 3 illustrates the forces acting on the brake heads during a 
brake application. 

The conditions of equilibrium which must be satisfied are as 
follows: 

1 The forces acting on the brake-head pin, assuming a free pin 
connection must be coincident. 

2 Hence the normal wheel reaction N and the friction com- 
ponent uN have a resultant 7 which must pass through this pin. 
This foree, together with the hanger reaction Q and the brake- 
lever or beam force F, must form the closed-vector diagrams 
shown in Fig. 3(b) and (c). 

The maximum retardation which can be exerted will cause im- 
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TRAVILIA, BURDICK—-STRESS ANALYSIS OF PASSENGER-CAR TRUCKS 


minent wheel slipping. Extensive tests* have shown that the 
coefficient of adhesion R/W averages 0.25 for all speeds and best 
surface conditions of wheel and rail so that « can be determined 
from the relationship, neglecting the rotational inertia of the 
wheel and axle 


uN, + uN, = R 


From the foregoing, the reactions on the truck frame can be 
determined which are due to the combined action of the brake 
rigging and retardation forces. 

A typical bending-moment diagram of the forces due to brake 
and retardation reactions is shown in Fig. 4. 

It should be noted that the action of the brake causes a weight 
transfer on the center plates and within the trucks so that the 
forward truck receives an overload and the front axle a still 
higher overload. Assume, for example, a car body weighing 100, 
000 lb, center of gravity 62 in. above rail, truck weight 18,000 lb, 
with center of gravity 20 in. above rail, truck centers 56 ft, truck 
wheel base 9 ft, and center-plate height 26 in., and consider an 
average coefficient of 0.25 for retardation. It will be found that 
the transference to the front truck will be 1340 Ib and to the rail 
at the front wheels about 3900 Ib, an increase of 11'/2 per cent 
over normal. 

From the loadings in Figs. 1 and 3 the stresses in the truck 
frame may be calculated. The bolster presents a relatively simple 
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Srress Banps IN 4 PHOTOELASTIC MODEL OF AN EQu4ALIZER 


— 


Fic. 6 Truck Frame Ser Up For a Static Stratn-Gace Tesr 


problem in that it is of the form of a simple beam. Likewise, the 
maximum reactions on the hangers can be determined readily. 
The equalizers may also be calculated, but proper concentration 
factors should be applied at the upper and lower curved portions 
as the inner forming radii cause a rise in stress. Fig. 5 illustrates 
the concentration of stress in the upper radius of a typical equal- 
izer in a photoelastic model. 


‘ ‘Mastering Momentum,” by L. K. Sillcox, Simmons-Boardman 
Publishing Corp., New York, N. Y., 1941, p. 47. 
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DEFORMATIONS RECORDED ON TARGET OF A 
Scratcu Strain 
(Four-wheel passenger-truck test; 
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Srrar-GaGe Tests or Truck FRAMES 

As previously mentioned, the redundant nature of the frame 
structure makes it difficult to appraise accurately the true 
stresses, and analysis should be supplemented by laboratory ex- 
periments. 

Fig. 6 illustrates a truck frame under one such strain-gage test. 
All questionable points were investigated under different methods 
of loadings taken to simulate the actual loading conditions. 
A sufficient number of points were investigated to evaluate the 
redundancies. 

Following the static strain-gage test mentioned, a test using 
the de Forest scratch type of strain gage was run with the truck 
in actual operation in high-speed main-line service. This type of 
gage consists of a fixed arm with abrasive material embedded on 
its point which rubs on a plated target so that tensile or com- 
pressive deformations are recorded, which may be enlarged by 
a microscope and then photographed. Fig. 7 shows such a 
strain record. Thus, actual operating stresses were determined 
for the same points which were investigated in the static test, 
which gave a comparison of the assumed and actual loadings. 
From the comparison it was determined, for this particular test 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1943 


run, that the lateral forces were about 25 per cent of the vertical, 
and the vertical load impacts on both the bolster and frame were 
of quite a low order. The impact values on the unsprung equal- 
izers were, however, of a higher order. These values will vary 
depending upon operating conditions. 


CONCLUSIONS 

1 The Reuleaux method of loading still serves as a basis of 
design, and properly calculated stresses based upon this loading 
should yield safe values. 

2 Modern high-speed braking requires a careful investiga- 
tion of the resultant stresses. 

3 In the design of a complex structure such as a truck frame, 
calculations should be supplemented by strain-gage tests in 
order to investigate points of high stress concentration and to 
evaluate redundancies. 


4 In designing trucks, experience is always the best guide and 
radical departures from conventional practices should not be 
attempted without careful supplementary laboratory investiga- 
tion. 


Corrosion of Unstressed Specimens of Alloy 
Steel by Steam at Temperatures up 


to 1800 F 


This paper presents the results of tests made at the 
Engineering Experiment Station of Purdue University to 
determine relative resistance to corrosion by steam of 
unstressed specimens of various alloy steels at tempera- 
tures of 1500 F and 1800 F. The data include results from 
500-hr tests at 1500 F and 1800 F for a representative se- 
lection of steels containing up to 18 per cent chromium, 
and for a 500-hr and a 1300-hr test on 25-20 and 25-15-2-W 
steels at 1800 F. The results permit extension of pre- 
viously published data® to cover the temperature range 
from 1000 to 1800 F. All of the steels tested except the 
25-20 and 25-15-2-W specimens show rapid corrosion beyond 
a limiting temperature which increases with chromium 


content. The 25-20 and 25-15-2-W steels were extremely 


resistant to steam corrosion for exposures up to 1300 hr 
at 1800 F. 


DescrRiIPprioN OF APPARATUS 


TEAM from the laboratory main was passed through a 
S counterflow gas-fired steel-tube superheater, after which it 
flowed through an electrically heated superheater which 
consisted of 50 ft of 25-20 stainless-steel pipe °/s in. OD by °/s 
in. ID. The 25-20 material was selected for the high-tempera- 
ture superheater element after serious difficulties were encoun- 
tered during preliminary tests when using a superheater made of 
18-8-Cb. This superheater was wound in the form of a cylindri- 
cal helix having a diameter of approximately 1'/; ft and a space 
between successive turns of 3 in. The electrically heated super- 
heater was placed in a firebrick enclosure which was in turn sur- 
rounded by 6 in. of loose insulation. The heating was accom- 
plished by connecting the secondary terminals of a current trans- 
former directly to lugs welded on the ends of the superheater 
piping. After leaving the electric superheater the steam flowed 
through a stainless-steel connection housing a thermocouple to a 
10-ft reaction chamber made from 2-in-OD double-extra-heavy 
25-20 pipe. A plate was welded over one end of the reaction 
chamber and was drilled and tapped for the superheater-inlet 
pipe. The other end of the chamber was threaded and closed 
with a pipe cap made of 7-Cr steel to facilitate insertion and re- 
moval of the test specimens. 
! Professor of Mechanical Engineering, Purdue University, Lafa- 
yette, Ind. Mem. A.S.M.E. 
*Head, School of Mechanical and Aeronautical Engineering, 
Purdue University, Lafayette, Ind. Mem. A.S.M.E. 
’ Assistant in Engineering Experiment Station, Purdue University, 
Lafayette, Ind. 
* Dean, Schools of Engineering; Director, Engineering Experiment 
Station, Purdue University, Lafayette, Ind. Past-President A.S.M.E. 
® “Corrosion of Unstressed Steel Specimens and Various Alloys 
by High-Temperature Steam,” by H. L. Solberg, G. A. Hawkins, 
and A, A. Potter, Trans. A.S.M.E., vol. 64, May, 1942, pp. 303-313. 
Contributed by Special Research Committee on Critical Pressure 
Steam Boilers and presented at the Annual Meeting, New York, 
N. Y., Nov. 30-Dec. 4, 1942, of Tae American Society or Me- 
CHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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The reaction chamber or test section was heated externally to 
the same temperature as the entering steam by means of four 
electric heaters formed by winding No. 8 chromel wire around 
grooved refractory tiles placed around the reaction chamber. 
The inlet-guard heater was 1 ft long, each of the two main heaters 
was 3 ft in length, and the outlet-guard heater was2ftlong. The 
reaction chamber together with the heaters was mounted hori- 
zontally in a tunnel of firebrick around which was placed a cover- 
ing of 6 in. of loose high-temperature insulation. Pyod-type 
chromel-alumel thermocouples were placed in the reaction cham- 
ber 1, 2'/2, 4!/2, and 7 ft from the inlet end. 

The steam leaving the test section was condensed in a coiled- 
copper-tube condenser. The quantity of steam flowing was 
regulated by means of a needle valve on the discharge side of the 
condenser. The valve was regulated to maintain a flow of 37.5 
lb per hr. 


TEMPERATURE-CONTROL CIRCUIT 


The temperature of the steam leaving the electric superheater 
was maintained at any desired value by means of a complex 
thermocouple relay system which has been described in another 
paper. Each of the four heaters around the test section was 
equipped with a variable resistance so that the temperature of 
the heater could be maintained at a fixed value over long periods 
of time. The specimens were protected from steam at any tem- 
perature other than the test temperature by means of the control 
system which would automatically interrupt the electric load and 
steam flow in case of high or low steam temperature. Lead wires 
from all couples were connected to a jack-board cold junction. 
The temperature readings were taken on a portable potentiome- 
ter. 


Test SPECIMENS 


All of the specimens were machined to a length of 6 in. and a 
diameter of !/, in. The machined surfaces were sandblasted in 
order to obtain identical surfaces on all specimens.’ Each speci- 
men was stamped with a classification number and a specimen 
number. 

The general heat-treating procedure for the various steels is 
given as follows: Low-carbon steel was annealed at 1600 F, 
slow-cooled to 1200 F at a rate of 40 F per hr, and then air- 
cooled from 1200 F to room temperature. Steels having a 
chromium content between 1 and 12 per cent were annealed at 
1580 F, slow-cooled to 1200 F at a rate of 40 F per hr, and air- 
cooled from 1200 F to room temperature. The 18-8 steel was 
annealed at 1950 F and water-quenched. The 25-20 alloys 
were annealed and water-quenched from 1900 F. 


OvTLINE OF TESTING PROCEDURE 


After the surfaces had been sandblasted the samples were 
weighed on a sensitive balance and then stored in a container 
fitted with a calcium-chloride drier. After the test chamber had 
been brought up to the test temperature and steam was flowing 
through a by-pass at test temperature, the various samples were 
placed in small cages made of alloy-steel welding wire and then 
inserted into the reaction pipe. The location of each specimen 
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TABLE 1 CORROSION OF GROUP 1 STEEL BARS IN CONTACT WITH STEAM FOR 500 HR 


Steel Cc Mn P 5 Si 
S.A.B. 1010:...... 0.30 0.017 0.034 = 
oe || 0.11 0.51 0.014 0.016 0.36 
4-6 Cr-Moly ........... 0.11 0.33 0.020 0.027 0.28 
0.11 0.38 0.010 0.016 0.27 
18-8-Cb (stabilized) ..... 0.07 0.36 0.015 0.012 0.39 
. 0.10 1.75 0.56 


4 No remaining steel (100 per cent FesQs). 


ladle, 
Cr 


2°95 
5.66 
9.00 
18.62 
24.45 
24.18 


Loss in 
weight, 
Steam Number per cent of 


per cent —_——--—— - temp, of original 
Ni Mo Cb Ww F samples = weight 
1736 3 100.0% 

0.98 1736 2 74.8 

0.22 0.50 1736 2 70.0 

; 1.22 1728 2 60.1 

9.90 5 1.11 172 2 12.3 
20.30 “3 1751 4 0.06 
14.34 2.06 1751 4 0.07 


TABLE 2) CORROSION OF GROUP 2 STEEL BARS IN CONTACT WITH STEAM FOR 500 HR 


Loss in 


weight, 
Steam Number per cent of 
Chemical analysis, ladle, per temp, of original 
Steel Cc Mn d 5 Si Cr Ni Mo Cb F samples weight 
46 Cr-Moly....... ~ a0 0.33 0.020 0.027 0.28 5.66 0.22 0.50 1772 3 5 
0.11 0.43 0.012 0.011 0.92 7.33 0.59 1772 3 57.4 
0.38 0.010 0.016 0.27 9.00 1.22 1772 3 62.7 
0.51 0.022 0.290 0.40 12.70 1765 4 100.04 
18-8-Cb (stabilized)....... 0.07 0.36 0.015 0.012 0.39 18.62 9.90 an ee 1765 2 11.5 


@ No remaining steel. 


TABLE 38 CORROSION OF GROUP 3 STEEL BARS IN CONTACT WITH STEAM FOR 1300 HR 


weight, 
Steam Number per cent of 
— Chemical analysis, ladle, per temp, original 
Steel Cc Mn P Ss Si Cr Ni Ww . samples weight 
0.07 1.62 siete 0.34 24.45 20.30 1776 14 0.11 
0.10 1.75 0.56 24.18 14.34 2.06 1776 15 0.20 


SAE 1010 


3 CR-MOLY 


CR-MOLY 


Q9CR-MOLY 


18-6 CB 


25-152 


1 Group 1 Street SampLtes AFTER COMPLETION OF TEST 


and cage was recorded at the start of each test. After the speci- 
mens had been in contact with the steam for the desired length of 
exposure, the specimens were withdrawn and the scale removed 
initially by mechanical means where a thick scale had been 
formed. The remaining scale from the heavily corroded speci- 
mens and the scale on the high-chromium alloys was removed by 
making the specimen the cathode in an electrolytic cell contain- 
ing a 10 per cent solution of sulphuric acid with 1 g per 1 of 
quinoline ethiodide as an inhibitor and with a current density 
of 1 ampere per sq in.® 


4-6 CR-MOLY 


7 OR-MOLY 


25452 


Loss in 


9 CR-MOLY 
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TABLE 4 CORROSION OF GROUP 4 STEEL BARS IN CONTACT WITH STEAM FOR 500 HR ‘ ; 
oss in 
weight, 
based on 
Steam Number _ original 
analysis, ladle, per cent temp, weight, 
Steel Cc Mn P 8 Si Cr Ni Mo Cb F samples per cent 
S.A.E. 1010 0.08 0.30 0.017 0.034 ne vs 1498 3 62.4 
oS” eens 0.11 0.51 0.014 0.016 0.36 2.95 > 0.98 1501 3 44.3 
4-6 Cr-Moly........... 0.10 0.33 0.020 0.027 0.28 5.66 0.22 0.50 1501 3 28.8 
0.11 0.43 0.012 0.011 0.92 7.33 0.59 1506 2 12.2 
9. Ce-Moly.....0ceecens 0.11 0.38 0.010 0.016 0.27 9.00 = 1.22 1506 3 14.6 
0.10 0.51 0.022 0.290 0.40 12.70 1506 3 0.03 
eRe Se 0.10 0.52 0.014 0.015 0.32 12.92 0.12 1508 3 0.05 
18-8 Cb (stabilized)..... 0.07 0.36 0.015 0.012 0.39 18.62 9.90 1.11 1508 2 0.03 
Test PROGRAM 
One test at approximately 1800 F was conducted for 1300 hr SAE 1010 
and was divided into two 500-hr tests and one 300-hr test oper- 
ated in series. Also, one test was conducted at 1500 F for 500 
hr. The 1300-hr test was started using a number of samples 3 CR-MOLY 
of S.A.E. 1010, 3 Cr-Moly, 4-6 Cr-Moly, 9 Cr-Moly, 18-8-Cb, to- 
gether with 18 specimens of 25-20, and 19 specimens of 25-15-2W 
steels. At the end of 500 hr, all samples of steels containing up 
to 18 per cent chromium were removed together with four samples 4-6 GR- MOLY 
each of the 25-20 and 25-15-2-W alloys. Thesamples removed at 
the end of 500 hr are classified as Group 1. Immediately after 
removal of the Group 1 samples a new group (Group 2) consist- 
ing of 4-6 Cr-Moly, 7 Cr-Moly, 9 Cr-Moly, 12 Cr, and 18-8-Cb 7 GR- MOLY 
steels was placed in the reaction chamber. At the end of the 
second 500 hr or a total elapsed test time of 1000 hr, the samples 
of Group 2 were removed and the test continued on the remaining $3 CR-MOLY 
samples of 25-20 and 25-15-2-W stainless steels which were placed 
in the reaction chamber at the start of the test. At the end of 
1300 hr, the samples of 25-20 and 25-15-2-W were removed; 
these constitute Group 3. A new 500-hr test was then started 12 GR 
using a steam temperature of 1500 F on S8.A.E. 1010, 3 Cr-Moly, 
4-6 Cr-Moly, 7 Cr-Moly, 9 Cr-Moly, 12 Cr-high-sulphur, 12 Cr, 
and 18-8 Cb steels. These steels are known as test Group 4. i2 CRS 
OPERATING EXPERIENCES 
At the end of 500, 1000, and 1300 hr for the 1800 F tests, it was 
16-8 CB 


found impossible to remove the 7-Cr steel caps from the ends of 
the reaction chamber by unscrewing. All of the caps were 
burned off by use of a torch without damaging the threads on the 
reaction chamber. This turned out to be a rather difficult task 
since a very thick layer of scale was formed on the cap. 

The temperature controls and heating elements operated with- 
out a failure throughout the entire test program. At the end of 
317 hr, during the 1300-hr test, a power-plant failure interrupted 
the power supply for 45 min. During this period the tempera- 
ture of the reaction chamber dropped 150 deg. No other inter- 
ruptions occurred during the test program. 


REsvuLtTs 


The results for the various groups of steels are tabulated in 
Tables 1, 2,3, and 4. In a previous paper® the corrosion was re- 
ported in terms of surface penetration in inches. Due to the 
large change in diameter and the end effects, this procedure was 
not followed in reporting the results of these tests. Instead, the 
results are expressed in terms of thelossin weight of thespecimen ex- 
pressed as a percentage of the original weight of the specimen. 

The influence of chromium as a corrosion-preventing agent is 
clearly shown in Table 1. The 25-20 and 25-15-2-W steels were 
extremely resistant to the corrosive action of the steam. Fig. 1 
shows various unstripped samples taken from Group 1 steels. 

Data dealing with steels of Group 2 are presented in Table 2. 
Here again, the marked influence of chromium content is clearly 
shown except for the 12-Cr steel. The correlation between the 
data shown in Tables 1 and 2 is extremely good. Fig. 2 shows 
samples of the steels in Group 2. The difference between 7 Cr- 


Fie. 4 Group 4 Steet SAMPLES AFTER COMPLETION OF TEST 


Moly and 9 Cr-Moly steel is probably not significant in view of 
the large amount of corrosion products in both eases. The 12- 
Cr steel, listed in Table 2, was corroded to such an extent that 
no parent metal remained. The inner core was solid in texture 
but extremely brittle. The core had a greenish gray color. The 
external layer appeared similar to the scale formed on the low- 
carbon-steel samples. The chemical analysis for the core and 
external layer of scale for the 12-Cr steel follows: 


Core, External layer, 
per cent per cent 
wks 0.04 Trace 
Cr203. . 24.8 0.5 


Apparently the iron ions have diffused outward at a faster 
rate than the chromium ions. In view of this condition and the 
decrease in corrosion with increased chromium content in the 
ease of all other alloys which have been tested, the complete de- 
struction of these particular specimens can probably be attributed 
to the high sulphur content of the steel. During the test, 93 per 
cent of the sulphur disappeared, as determined by an analysis 
of the corrosion products. 

Results for the 1300-hr test are shown in Table3. The results 
indicate that the 25-15-2-W steel lost 0.20 per cent while the 25- 
20 steel lost 0.11 per cent. In view of the extremely small 
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Fie. 5 Corrosion oF STEEL Bars IN Contact WITH STEAM FOR 
500 Hr at Vartous TEMPERATURES 


LOSS IN WEIGHT, PERCENT OF ORIGINAL WEIGHT 


° ° 8 
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7 GR-MOLY > 
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4-6 CR-MOLY 


18-8 CB 


Fig. 6 CoRROSION OF STEELS IN Contact WITH STEAM F Rom 1728 F 
To 1772 F ror 500 Hr 


amount of scale produced on either specimen, and the difficulty of 
determining accurately whether or not all of the scale had been 
removed during stripping, the difference indicated is not signifi- 
eant. The important conclusion which may be drawn from the 
data is that both steels are extemely resistant to attack by steam 
at 1800 F for 1300 hr. 

Greenish deposits were found on the 25-20 samples after 1300 
hr. An analysis of the greenish material revealed no sulphide 
or sulphate. It was felt that the deposit was chromic oxide, 
with possibly a minute quantity of metallic chromate. Fig. 3 
shows two samples of these steels. 

The data presented in Table 4 were obtained during a 500-hr 
test at 1500 F on the steels in Group 4. Fig. 4 shows samples 
of these steels taken immediately after the conclusion of the test. 
In this test, two types of 12-Cr steel were used to determine the 
effect of the sulphur content on the corrosion resistance at 1500 
F. From the results, no difference could be detected at the tem- 
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LOSS IN WEIGHT, PERCENT OF ORIGINAL WEIGHT 


8 


SAE 1010 SS 


Fig. 7 Corrosion or Streets tn Contracr Steam atv 1500 F 


FoR 500 Hr 


perature of 1500 F. Apparently the complete destruction of the 
12-Cr high-sulphur steel which occurred at 1800 F is associated 
with the higher temperature. 
CONCLUSIONS 

The results obtained on the steels in Groups 1, 2, and 4 have 
been plotted together with previously reported data® in Fig. 5 
to show the effect of temperature. All of the steels tested except 
the 25-20 and 25-15-2-W specimens start to corrode rapidly at 
some temperature less than 1800 F. The temperature at which 
rapid corrosion begins increases with chromium content. The 
18-8-Cb steel shows the same tendency toward rapid corrosion 
above some limiting temperature that the low-carbon steel shows 
at a much lower temperature. A single line has been used in Fig. 
5 to represent the 7 Cr-Moly and 9 Cr-Moly steels, since the data 
are not comprehensive enough to distinguish between them. 

Figs. 6 and 7 have been constructed using the results obtained 
on Groups 1, 2 and 4, and show the marked influence of the 
chromium content as a corrosion-retarding alloy. The free- 
machining 12-Cr high-sulphur steel is not shown in Fig. 6 because 
it is not intended to be used for applications where high corro- 
sion resistance is a factor. 

The 25-20 and 25-15-2-W steels :re extremely resistant to steam 
corrosion up to temperatures around 1800 F for an exposure 
time of 1300 hr. 
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Appendix 


The following statements, dealing with the mechanical properties 
and structural characteristics of the 25-20 and 25-15-2-W steels be- 
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STRUCTURE OF MATERIAL PRIOR TO STEAM-OXIDATION 
TREATMENT; Heat No. 60494; 100 
(All Specimens illustrated etched with aqua regia. 


Fig. 10 Srrucrure oF MATERIAL AFTER STEAM-OXIDATION TEST; 
Heat No. 60494; X 100 


fore and after exposure to steam at approximately 1800 F for 1300 
hr, have been prepared by the research laboratory of The Babcock 
& Wilcox Tube Company: 

“The exceedingly low rate of scale formation on the two steels 
tested by Hawkins, Solberg, Agnew, and Potter is of great in- 
terest from the metallurgical point of view. Specimens of the 
two steels have subsequently been examined and compared with 
the same materials prior to testing for the purpose of determining 
whether significant changes in mechanical properties or struc- 
tural characteristics occurred during the tests. 

“Figs. 8 to 17, inclusive, show representative microstructures 
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Fic. 9 View oF SPECIMEN IN GREATER DetTaIL THAN SHOWN aT 


Lert; Heat No. 60494; 1000 


Fig. 11 View oF SPECIMEN IN GREATER DeTatt THAN SHOWN AT 


Lert; Heat No. 60494; 


from the same rods before and after testing. The filmlike charac- 
ter of the scale is shown in Figs. 16 and 17. These latter two 
specimens were chromium-plated over the scale and cut in a lon- 
gitudinal direction along a plane normal to the circumference of 
the rod. 

“Tensile specimens 0.438 in. diam were machined from the 
‘/,in. rounds; the amount of metal removed being more than 
sufficient to clean up all surface imperfections. Table 5 shows 
both tensile properties and hardness values for the two steels 
before and after subjection to the steam-corrosion test. 

“The photomicrographs indicate that no significant increase in 
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Fie. 12) SrructurRE oF MATERIAL PRIOR TO STEAM-OXIDATION Fic. 13. View or SPECIMEN IN GREATER DeTAIL THAN SHOWN A‘ 
TREATMENT; Heat No. 1013; X100 Lert; Heat No. 1013; X 1000 


Fic. 14 Srructrure OF MATERIAL AFTER STEAM-OXIDATION TEST; Fic. 15 View or SpEcIMEN IN GREATER DeTAIL THAN SHOWN \! 
Heat No. 1013; X100 Lert; Heat No. 1013; X 1000 


TABLE 5 EFFECT OF STEAM-CORROSION TREATMENT ON MECHANICAL PROPERTIES 


Hardness——-— Yield Ultimate Reduction 


Rockwell Equivalent strength, strength, in area, Elongation," 
Heat no. Treatment B scale Brinell psi psi per cent per cent 
60494 Original material (25-Cr, 20-Ni) 92.5 190 47000 91900 74.2 §3.1 
60494 Steam oxidation 80.0 146 42400 85500 73.7 49.7 
1013 Original material (25-Cr, 15-Ni, 2-W) 96.5 215 66650 104850 57.6 43.4 
1013 Steam oxidation 88.0 174 49580 95000 38.3 33.7 


«@ Elongation measured on specimen 1%/, in. gage length and 0.438 in. diam. 
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HAWKINS, SOLBERG, AGNEW, POTTER—CORROSION OF UNSTRESSED ALLOY STEEL 


Chromium layer 
JZ plated over scale 


Scale layer 


metal 


Fig. 16 
MIUM LAYER TO PREVENT EXCESSIVE BEVELING AND Pittinc; UN- 


Section THrouGH Scace Arrer Depositinc Curo- 


ETCHED; Heat No. 60494; 100 

grain size occurred in the specimen from heat No. 60494, the 
straight 25-Cr, 20-Ni steel. In view of the fact that the grain 
size of the original steel was established by heating at 1900 F, 
prior to the steam-corrosion treatment, grain growth would 
hardly be expected at the testing temperature employed in the 
absence of phase changes. 

“Heat No. 1013 (25-Cr, 15-Ni, 2-W) apparently was not quite 
stable at the testing temperature. Figs. 12 and 13 show ferrite 
stringers parallel to the direction of rolling, whereas the same 
material after the steam-corrosion treatment shows a more ran- 
dom distribution of equiaxed ferrite grains which are also coarser 
than in the original material, Figs. 14 and 15. The structural 
changes also are reflected in the mechanical properties as can be 
noted in Table 5.” 


Discussion 


T. S. Furtver.* Of particular interest to the writer are the 
losses in weight values for 12 per cent chromium steels with 
().290 sulphur, and with 0.015 sulphur, in contact with steam for a 
period of 500 hr at a temperature of 1500 F. 

No corresponding data are to be found in the paper for the low- 
sulphur alloy at 1800 F. Should this work be continued by the 
authors, the writer suggests including the low-sulphur alloy in 
subsequent 1800 F tests. 


R. F. G. V. Smrvu.2 We have recently published’ 
data on the relative resistance to oxidation by air of several 
alloy steels at 1700 F for a week, which show an order of resist- 
ance much the same as that in Fig. 6 of this paper for oxidation 
by steam. 

The determination of resistance to oxidation or corrosion 
merely from the gain or loss in weight after a definite time at 
temperature fails to give desirable information on the earlier 
progress of the process. This information is readily obtained by a 
method of substantially continuous observation which has been 
used recently at the research laboratory of the United States 


* Engineer of Materials, Schenectady Works Laboratory, General 
Electric Company, Schenectady, N. Y. 
OY ies Laboratory, United States Steel Corporation, Kearny, 
8 ‘‘Alloy Steels for High Temperature Service,”” by R. F. Miller, 
G. V. Smith, and P. A. Jennings, Metals & Alloys, vol. 16, 1942, pp. 
438-441, 881-885. 
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mMiuM LAYER TO PREVENT ExcessIVE BEVELING AND UN- 


Section THrouGuH ScaLe Firm Arter Depositing CHRo- 


ETCHED; Heat No. 1013; X100 

Steel Corporation to follow the progress of air oxidation of a wide 
variety of steels at several temperatures; these results, with a 
description of the apparatus, will be published shortly. 

The marked deterioration of corrosion resistance of the 12- 
chromium alloy at 1800 F brought about by the presence of sul- 
phur is rather interesting. Might this be attributed to a combina- 
tion of sulphur with some of the chromium so that the local con- 
tent of chromium, though sufficient to keep the alloy resistant at 
1500 F, is not large enough to prevent oxidation at 1800 F? 


J. B. Romer.? The data presented in this paper are of great 
interest from the high-temperature-corrosion viewpoint. 

Oxidation and corrosion losses are frequently calculated in 
terms of penetration, inches per unit of time, and heretofore 
these authors have so reported their data. In this instance, they 
encountered severe damage to certain low-alloy samples and, as 
depicted in their illustrations, corrosion or oxidation proceeded 
at the ends at a faster rate than along the central portion of their 
specimen. Therefore they have reported their data in terms of 
loss in weight, percentage of original weight. This method is not 
entirely free of end effects. 

Our interest was more with highly alloyed materials, and 
therefore their data on loss can be recalculated in terms of pene- 
tration. Table 6 of this discussion shows the penetration in 
inches caleulated to a 10,000-hr interval. 


TABLE 6 PENETRATION, INCHES PER 10,000 


Duration of test 


Material 500 hr 1300 hr 
1.4 
14 1074 9.6 X 
x 10-4 17.4 K 1074 


17 


@ Temperature of test, 1750-1800 F. 


For all the alloys tested, there is good agreement between the 
two 500-hr periods (see authors’ Tables 1 and 2). 

A study of the penetration at the end of 500 hr and at the end 
of 1300 hr, in conjunction with the calculated penetration for a 
time period of 10,000 hr, as shown in Table 6 of this discussion, 
indicates that the 25-20 alloy has a rate which decreases with 
time. We could therefore expect that a prolonged test would 
show a lower rate. The 25-15-2-W alloy shows the same rate for 


10,000 hr in both the 500- and the 1300-hr tests, or in other words, 


® Chief Chemist, The Babcock & Wilcox Company, Barberton, 
Ohio. 
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we have a constant rate, and hence a prolonged test would not be 
expected to show a lower rate. 

Vig. 5 of the paper shows the effect of temperature on the cor- 
rosion or oxidation rates. For a plain steel (S.A.E. 1010) there 
Was a pronounced increase in rate at about 1100 F; and at 1500 F 
the rate was so high that the specimen was entirely destroyed in 
less than 500 hr. The 7-9 chromium-molybdenum types of alloys 
do not begin to show a pronounced increase in rate until the tem- 
perature is at least 1300 F. They do show an extremely high 
rate at 1800 F, even in a 500-hr test. 

Apparently the 12 chromium and the 18-8 columbium stabi- 
lized do not show a break until somewhere in the 1500 to 1600 F 
range. 

The 25-20 and the 25-15-2-W do not show a break at the maxi- 
mum temperature of the test, namely, 1750 to 1800 F. 

A very interesting condition has to do with the 12-chromium 
high-sulphur steel in the 1500 to 1750 F temperature range. 
This steel showed a very low loss, namely, 0.03 per cent of its 
original weight when tested at 1500 F, whereas it was completely 
destroyed when tested at 1750 F. The eutectic for the binary 
alloy of iron and sulphur is a little above 1800 F. For the com- 
plex alloys, it is not known. However, the change in rate just 


referred to suggests that the test temperature is near enough to 
the eutectic temperature of the complex alloy to lead to the belief 
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that, for high-temperature service, a low-sulphur content in the 
steel is highly advantageous. This belief is well supported by 
the experiments reported by Whiteley’® wherein he describes his 
observations on scale formation. The analysis of the core and the 
external layer of the 12-chromium high-sulphur steel, as reported 
by the authors, indicates that the chromium and iron diffused and 
that the sulphur was completely converted to some form which 
was removed from the test apparatus by the steam. 


Avutuors’ CLOSURE 


The high-sulphur 12 per cent chromium steel referred to by 
the discussers was a free-machining steel and was placed in 
the test group by accident. However, it was felt that the re- 
sults obtained on it might be of considerable interest and were 
therefore included. 

The authors are looking forward with interest to the forth- 
coming publication by Messrs. Miller and Smith of the results 
of air-corrosion tests involving substantially continuous ob- 
servation of results. <A correlation of the corrosion rates in air 
and steam and further data on the effect of time should be 
valuable contributions to existing knowledge. 

10 **An Effect of Oxygen and Sulphur on Iron in Scaling,”’ by J. H. 
Whiteley, Journal of the Iron and Steel Institute, vol. 131, 1935, pp. 
181-190. 


Effect of Deoxidation Practice on Creep 
Strength of Carbon-Molybdenum 
Steel at 850 and 1000 F 


By R. F. MILLER,' KEARNY, N. J. 


A co-operative investigation with the General Electric 
Company, Westinghouse Electric & Manufacturing Com- 
pany, Climax Molybdenum Company, and Crane Com- 
pany, of the effect of deoxidation practice on creep strength. 
One heat of C-1/2-Mo steel was deoxidized with silicon 
and 1.5 lb of aluminum per ton, another with silicon and 
0.5 lb of aluminum per ton. Creep tests at 1000 F showed 
that, with similar microstructure, the low-aluminum 
steel has superior creep behavior. At 1000 F coarse 
ferrite-pearlite has higher creep strength than fine ferrite- 
pearlite but at 850 F the reverse is true. 


INTRODUCTION 


Several previous investigations (1, 2, 3, 4)? have indicated 
that, at temperatures above the recrystallization or ‘‘equico- 
hesive” range, the creep strength of a metal is increased by a 
moderate increase of grain size. While this may be clearly 
shown in a pure metal or a single-phase alloy, the effect of grain 
size on the creep strength of steel is complicated by the fact 
that in its usual condition steel contains at least two phases 
(ferrite and iron carbide), change in the distribution of which 
may have a more profound effect on the creep strength (5) than 
change in the grain size itself.* 

Another complication, as yet not always appreciated, is that 
the grain size of a steel of given nominal composition is not always 
the same even for a specific heat-treatment but varies with the 
deoxidation practice used in manufacture of the material (7, 8, 9). 
The austenite grain size of a steel deoxidized with silicon, or 
silicon plus a small amount of aluminum, begins to coarsen 
immediately above the A; temperature, while that of a steel 
deoxidized with silicon and a larger amount of aluminum may 
remain fine until the material is heated 100 F or more above the 
A; temperature. Since steel used for high-temperature applica- 
tions is usually normalized or annealed from the vicinity of its A; 
temperature, a steel deoxidized with little or no aluminum may 
show larger grain size, and hence higher creep strength (at least 
above its “equicohesive”’ temperature range), than will the same 
type of steel deoxidized with a larger amount of aluminum. 
There has been some doubt, however, as to whether the improve- 
ment in creep strength is due solely to the coarser grain size, or 
in part to the difference in aluminum content. 


1 Research Laboratory, United States Steel Corporation. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

° The grain size of steel has been referred to as austenitic, inherent, 
McQuaid-Ehn, actual, structural, ferritic, ete. The significance of 
a qualifying phrases has been discussed by Vilella (6) in a recent 
article. 

Contributed by Committee on Effect of Temperature on Properties 
of Metals and presented at the Annual Meeting, New York, N. Y., 
Nov. 30-Dee. 4, 1942, of Tae AMERICAN SocreTy OF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


INVESTIGATION CoNnpucTED ON Two Hearts or 
DENUM STEEL 

In order to answer this question and to determine the effect on 
creep strength of variation in the grain size and microstructure 
a co-operative investigation has been made of two heats of carbon- 
molybdenum steel. One heat was deoxidized with silicon and 
1.5 lb of aluminum per ton of steel, resulting in a high austenite- 
grain-coarsening temperature; the second was deoxidized with 
silicon and 0.5 lb of aluminum per ton, resulting in a low aus- 
tenite-grain-coarsening temperature. Heat-treatments were 
evolved which produced three similar microstructures in each 
steel, i.e., coarse ferrite-pearlite, ferrite Widmanstatten, and 
fine ferrite-pearlite. Comparisons of creep strength were made 
at 1000 F to determine the degree of difference between the pairs 
of similar structures. Even under such comparable conditions, 
the steel deoxidized with the smaller amount of aluminum (hav- 
ing the lower austenite-grain-coarsening temperature) had the 
higher creep strength. 


Austenite Grain Size, ASTM Number 


10 i 
1600 1700 1800 1900 2000 
Temperature, °F 
Fig. 1 AvUSTENITE-GRAIN-COARSENING CHARACTERISTICS OF C-Mo 
STEELS 


(Vertical arrows show range, and intermediate connecting lines show average 
austenite grain size, determined from tempered martensite.) 


Steel deoxidized with silicon and 1.5 lb of aluminum per ton 
Steel deoxidized with silicon and 0.5 lb of aluminum per ton — — — — 


In order to show the effect of grain size on creep strength as a 
function of temperature, the coarse ferrite-pearlite and fine 
ferrite-pearlite structures of one of the steels were tested in creep 
at 850 F as well as at 1000 F. It was found that the material 
with the coarse ferrite grain size was the stronger at 1000 F, but 
at 850 F that with the fine ferrite grain size was stronger. 

The open-hearth steels‘ selected for this work had the chemical 
composition given in Table 1. 


4 The steels were supplied through the courtesy of the National 
Tube Company. 
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Steel Deoxidized with 1.5 Pounds of Aluminum Per Ton 


Structure A 


2000°F 30 min. 
Furnace Cooled 


Steel Deoxidized with 0.5 Pound of Aluminum Per 


Structure D 


1800°F 90 min. 
Furnace Cooled 


Structure B 
2000°F min. 
Air Cooled 


4 
TH. 
Structure E 
1800°F 90 min. 
Air Cooled 


1750°F 5 min. 
Air Cooled 


1615°F 5 min. 
Air Cooled 


Fig. 2.) MIcRosTRUCTURES OF STEELS TESTED IN CREEP; X 100 


TABLE 1 COMPOSITION OF OPEN-HEARTH STEEL USED IN 
TESTS 
Al added, 


Steel C Mn P Ss Si Mo Al AkOs lb per ton 
High aluminum 0.11 0.41 0.028 0.010 0.14 0.49 0.016 0.002 1.5 
Lowaluminum 0.13 0.43 0.020 0.010 0.12 0.50 0.010 0.001 0.5 


Heat-TREATMENT 


While these two steels are of the same nominal composition, 
they have different austenite-grain-coarsening characteristics 
due to the difference in amount of aluminum added. The aus- 
tenite grain size was determined at temperatures from 1600 to 
2000 F by the tempered-martensite method, described by 
Vilella and Bain (10); the results are shown in Fig. 1. The high- 
aluminum steel remains fine-grained up to about 1800 F, at 
which temperature it begins to coarsen; from 1800 to 1900 F 
the grains are partly coarse, “duplex;” above 1900 F the 
grains are all coarse and increase in size with increase of tempera- 
ture. In contrast, the low-aluminum steel begins to coarsen 
immediately above its A; temperature, shows no “duplexing,” 


and the austenite grain size increases with increase of temperature 
more slowly than in the high-alyminum steel. 

With a knowledge of the austenite-grain-coarsening charac- 
teristics of these steels, it was not difficult to determine experi- 
mentally a schedule of heat-treatments, producing in each steel 
three comparable microstructures. The heat-treatments carried 
out by the General Electric Company on 1-in-diam bars were 
follows: 


as 


r-——-> Furnace cool ——->Structure A 
c—#———> 2000 F, 30 min | (at 200 F per hr) 
| 
High-al L -> Air cool ———> Structure B 


steel 


1750 F, 5 min - 


-+> Air cool ———>» Structure C 


r——-> Furnace cool —->Structure D 
c—s—> 1800 F, 1!/2hr | (at 200 F per hr) 
| 
Low-al L——-» Air cool -——» Structure E 
steel 
L 


——-> 1615 F, 5 min ————> Air cool ———>» Structure F 


| 
~ 
| — 


MILLER—CREEP STRENGTH OF STEEL 


TABLE 2. GRAIN SIZE, HARDNESS, IMPACT STRENGTH, AND CREEP DATA OF SPECIMENS 


Grain Size Hardness, VPN . Intercept (%) and Crees Rate ‘in/in 
‘ Duvine Time Intervals 
i- |Struc- |Austen- Before | After Before | After Stress | Juration,| Total S500 to 1000 hr. 1090 to 2900 hr. POOS to 30°0 hr. 
men ture ite Test Test Test Test 000 psi Hrs. Ext. % Int. 4] Rate Int. Rate Int. | tute 
Tests at|1000°F 
“pope? 1-4 2-5 102 136 12.5 6 8 3000 0.032 | 0.912 | 0.10 0.014 | 0,07 0.014 | 0.07 
113 3.5 Es) 3000 0.116 | 0.118 0.30 0.179 0.17 3.139 0.10 
105 3 15 3000 0.156 | 0.109 0.48 0.197 a) 0.148 19 
F-W 1-4 4-? 146 106 37 30.5 8 3000 0.952 0.9 "16 0.004 | 0.16 C.16 
138 31.5 l2 3000 0.068 297% was J | 0.2 0.25 
137 4.5 15 3000 C.105 | 0.14 24 0.32 
| | 
pipe 5-7 7-6 lle «120 43 | 38.5 8 300 175 | 0.995 | 0.38 0.070 | nes. 
| 122 | 38 12 3000 +256 -106 | 0.64 0.982 | | ner. +3 
| 119 | 39 15 3990 0.747 2220 | 1.20 -150 | nege 5.04 
| 
/3D1 F- 1-4 3-5 10$ } 11.55 [| 4 10 +151 
3D2 15 3000 - | 9.255 095 +241 0399 | 0.25 
|4p2 | 107 | 2 Ny 3000 0.797 | 0.49% | 1.56 | 0.868 | 0.6 .705 | 0.39 
| 3D2 | « | - 10 18 - - - - - - 9.07 
| 
F-¥ 1-4 5-7 151 149 | 30.5 12 & +24 2034 +042 0.14 
§ |21 148 | 29.5 12 000 0.072 | 0.98? | 0.20 0.987 0. 0.095 | 0.16 
141 | 26 12 2000 0.157 0.112 | 0.38 0.196 | 0.26 - - 
2 J4E2 150 | 28 12 2000 0.071 | C.057 | 0.28 0.078 | 0.24 - - 
141 | 28 12 3000 0.985 | 0.24 113 0.20 0.081 0.19 
i [4m - |} - 15 3009 - 999 | 0.40 0.103 0.28 0.097 0.29 
_ | - } 15 2000 - +39 - 0.28 - - 
“|! sBe 153 33 1? 3000 0.180 | 0.134 0.50 0.146 0.41 0.146 | 0.40 
- 10 1500 - | - | - - - 0.11 
| 
oF pipe 5-7 7-8 131 129 38 35 | 10 2000 0.189 | 0.122 | 0.52 0.146 | 0.42 - - 
4Fe2 - - } 1 3000 - 0.181 0.76 0.192 0.69 0.184 0.72 
3F2 - | 15 2000 - 9.95 - 9.73 - - 
4F2 - | = 10 1500 | - | - - - - - 0.24 
| 
Tests a | 
§ (3Al 1-4 2-5 102 147 12.5 2 32 2000 4.077 3.826 1.90 3.970 0.75 - - 
©? \Sal 119 | 3 25 3000 1.390 1.350 1.00 1.380 ) 1.640 0.24 
Pr 
Sjsc. | "$8 5-7 7-8 118 130 43 37 30 2000 2.029 | 1.910 | 0.90 1.960 | 0.60 - 
*, \SCl 130 40 26 3000 0.126 0.152 0.42 0.173 0.24 0.187 | 0.17 
“F = ferrite, *P = peurlite, “W = wiimanstatten ** modified (2/3 size) Charpy impact strength 
| 
COARSE FERRITE~ FERRITE | FINE FERRITE- 
PEARLITE WIDMANSTATTEN ——— PEARLITE —+——4 
| 
2 4 
| 
| 
| | 
re 
Zz 
9 
z 
? 
hic. 3) CHANGE oF CREEP RaTE DurtnG Creep TEsts AT 
1000 F; Structures A, B, C. D, E, F 
J (Time period plotted against average graphical creep rate during 
= 4 sez 4 period. Numbers above curves show applied stress in 1000 psi. 
A Symbols to right of curves are specimen numbers.) 
2 4047 Steel deoxidizedwith 1.5 lb of aluminum per ton 
201 ‘4 Steel deoxidized with 0.5 lb of aluminum per ton — — — — 
(4F2) 
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Specimens 3D1, 3E1, 3E2, 3F1, and 3F2 were 
run only 2000 hr, and, in order to obtain ad- 
ditional information beyond 2000 hr on D, FE, 
and F material tested under 10,000 psi at 1000 
F, the stress on specimens 3D2, 44, and 4F2 
was reduced from 15,000 to 10,000 psi at the end 
of 3000 hr, and the test continued for an ad- 
ditional 1500 hr. The creep rate was deter- 
mined for the last 500 hr of the additional 1500- 
hr test period, and the data recorded in Table 2. 

Since the creep tests were made in five dif- 
ferent laboratories, each using a somewhat 
different technique, check tests were run to de- 
termine the variation in their results. Structure 
E, chosen as the check material, was tested 
by all five laboratories under 12,000 psi at 
1000 F. The check tests showed good agree- 
ment (Table 2), giving values from 0.18 to 0.24 
millionth in. per in. per hr for the time period 
1000 to 2000 hr and 0.14 to 0.19 millionth in. 
per in. per hr for the time period 2000 to 


| statten | Peortite, | 
5 
04 06 2 . Bet 2 3 4 


Creep Rote, millionth in/in/hr 


Fic. 4 Creep Tests on C-Mo at 1000 F 


a, Deoxidized with 1.5 lb of aluminum per ton of steel. 6, Deoxidized with 0.5 lb of aluminum 


per ton of steel.) 


High-aluminum steel 
Low-aluminum steel — — — — 


The microstructures resulting from these heat-treatments are 
It will be noted that the coarse ferrite-pearlite 


shown in Fig. 2. 
structures A and D are almost identical, as are the ferrite 


manstitten structures B and E. However, comparison of the 


fine ferrite-pearlite structures C and F shows that the 


manstatten pattern is a little more pronounced in structure F 
of the low-aluminum steel, presumably due to its low austenite- 


grain-coarsening temperature. 


RESULTS OF CREEP TESTS 
The duration of the creep tests was 2000 or 3000 hr. 


creep data are listed in Table 2 and plotted in Figs. 3 to 6. 


(a) 
Coorse Ferrite— Pearlit 


to 3000 hr. 


Wid- 
shows a decre 
Wid- 


aluminum steel (solid lines). 
oi different structures of the same steel shows that, under the same 
stress, the coarse ferrite-pearlite structure exhibits a more pro- 


3000 hr. 

The creep rate of all of the specimens was 
found to be changing over the entire 3000-hr 
test period, and considerable useful information 
was obtained by study of the change of creep 
rate during the tests. The average creep rate 
and intercept® were estimated graphically from 
the time-elongation creep curve for the three 
time periods 500 to 1000, 1000 to 2000, and 2000 
These data are listed in Table 2, and the creep 


data replotted against the time period in Fig. 3. For the same 
stress and microstructure, the low-aluminum steel (dotted lines) 


asing creep rate more consistently than the high- 
Comparison of the creep behavior 


5 For each time period, the average creep rate was extended to the 
The left to intersect the extension ordinate of the creep curve. This 


intersection or 
deformation ac 


(b) 


Ferrite- Widmonstétten 


“intercept”? gives an indication of the amount of 
companying any particular creep rate. 


(ce) 
Fine Ferrite — Peorlite 


Creep Rate, millionths in/in/he 
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Fiec.5 Creep Tests on MICROSTRUCTURES OF C-Mo at 1000 F 


Deoxidized with 1.5 lb aluminum per ton (Structures A, B, and C) 


Deoxidized with 0.5 lb aluminum per ton (Structures D, E, and F) — — — 
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MILLER—CREEP STRENGTH OF STEEL 


nounced decrease in creep rate than the ferrite Widman- 


stitten or the fine ferrite-pearlite structures. aa 
The creep behavior of these materials was also studied oo 

by plotting the creep rate during any given time period ies 

as a function of the applied stress. Such plots for the 

500 to 1000 or 1000 to 2000-hr time periods were 

somewhat irregular and confusing, but those for the —— 

last time period, 2000 to 3000 hr, were quite regular. s 

On this basis, two comparisons have been made, i.e., 

the creep behavior of various structures of a single ¢ 

material, and similar structures of the two different 

materials. 
1 (a) Creep at 1000 F of High-Aluminum Steel. oe 

The 2000 to 3000-hr creep rate of the various structures ; _ 


of the high-aluminum steel has been plotted against the 
applied stress in Fig. 4(a). The coarse ferrite-pearlite = 
structure A has the highest creep strength; the ferrite 


Widmanstiitten structure 2, formed from the same = 
austenite grain size as A, is intermediate, and the fine 
ferrite-pearlite structure C is the weakest. On a com- 

parative basis under 10,000 psi, B creeps twice as fast pig ¢ 


as A, C nine times as fast as A. While the coarse . 
ferrite-pearlite structure A has higher creep strength 
than the ferrite Widmanstiatten structure B, during the 
2000 to 3000-hr time period, it should be noted (Table 2) that, 
under 12,000 and 15,000 psi, the intercept and total deformation 
at the end of 3000 hr was greater in A than in B, 

(b) Creep at 1000 F of Low-Aluminum Steel. The creep be- 
havior of this steel, Fig. 4(b) is similar to that of the high-alumi- 
num steel just described, although the difference in strength 
between the various structures is not so great. The coarse 
ferrite-pearlite structure D is the strongest; the ferrite Widman- 
stiitten structure FE, somewhat weaker; and the fine ferrite 
pearlite structure F’, is the weakest. Under 10,000 psi, FE creeps 
1.6 times faster than D, and F creeps 3.4 times faster than D. 
As in the high-aluminum steel, the coarse ferrite-pearlite struc- 
ture D has slightly higher creep strength than the ferrite 
Widmanstitten structure EL, but this advantage is offset by the 
fact that, under the same stress, the total deformation in 3000 
hr is considerably greater in D than in E£. This difference in 
amount of deformation is also noted in the magnitude of the inter- 
cepts. 

2 Comparison of the Two Steels on the Basis of Similar Micro- 
structures. The creep behavior of similar microstructures of the 
two steels is shown in Fig. 5. When both steels have a micro- 
structure consisting of coarse ferrite-pearlite, Fig. 5(a), the 
low-aluminum steel appears to be more creep-resistant under 
stresses less than 12,000 psi than the high-aluminum steel. 
The same trend is indicated for the ferrite Widmanstatten struc- 
tures of both steels, Fig. 5(b); the low-aluminum steel appears 
to be more creep-resistant than the high-aluminum steel, under 
stresses less than 15,000 psi. When both steels have a structure 
consisting of fine ferrite-pearlite, Fig. 5(c), the low-aluminum 
steel has higher creep strength than the high-aluminum steel 
under all stresses examined. 

Creep Tests at 850 and 1000 F. In order to determine the 
effect of grain size on creep strength as a function of temperature, 
the coarse ferrite-pearlite structure A and the fine ferrite-pearlite 
structure C of the high-aluminum steel were tested at 850 F. as 
well as at 1000 F. The data are recorded in Table 2 and plotted 
in Fig. 6. It will be noted that the creep rates were taken for the 
1000 to 2000-hr time interval, since two of the tests were run for 
only 2000 hr. The coarse ferrite-pearlite structure A (ferrite 
grain size 4) has considerably higher creep strength than the fine 
ferrite-pearlite structure C (ferrite grain size 7'/2) at 1000 F, 
but somewhat lower creep strength at 850 F. 
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Hardness. The hardness of the creep specimens before and 
after test is shown in Table 2. In both steels, the ferrite Wid- 
manstitten structure was found to be the hardest (142 to 151 
VPN), the fine ferrite-pearlite structure was somewhat softer 
(118 to 131 VPN), and the coarse ferrite-pearlite structure the 
softest (102 to 109 VPN). Structure for structure, the low- 
aluminum steel appeared to be slightly harder (by about 10 
points VPN) than the high-aluminum steel. Little or no change 
of hardness occurred in the specimens tested at 1000 F. There 
was a considerable increase in hardness of the specimens tested 
in creep at 850 F, presumably due to strain hardening. 

Impact Strength. The results of modified Charpy impact tests 
on the various structures of the two steels before and after creep 
testing are listed in Table 2. In both steels the impact strength 
of the coarse ferrite-pearlite structure was the lowest (11'/2 to 
12'/, ft-lb), the impact strength of the ferrite Widmanstitten 
structure was considerably better (34'/2 to 37 ft-lb), while that 
of the fine ferrite-pearlite structure was the best of the three (38 
to 43 ft-lb). Structure for structure, the impact strength of the 
high-aluminum steel was a little higher (about 31/2 ft-lb) than 
that of the low-aluminum steel. 

The impact strength of all of the structures decreased during 
the creep tests at 850 and 1000 F. Only a slight decrease was 
noted at 1000 F in the ferrite Widmanstatten and the fine ferrite- 
pearlite structures, but the decrease of impact strength of the 
coarse ferrite-pearlite structure was somewhat greater. 

Change of Microstructure During Creep Test. Specimens of 
each structure, tested under the highest stress and for the longest 
time period at 1000 F, were examined for change of microstruc- 
ture during creep test. A slight spheroidization, barely detecta- 
ble under the microscope at 1000 and probably unnoticeable 
in a photomicrograph, was found in all of the specimens examined. 


Discussion OF RESULTS 


The results of the present investigation show that, even if the 
microstructure of the two steels is the same, the steel with the 
low aluminum addition (low austenite-grain-coarsening tempera- 
ture) is more creep-resistant at 1000 F than the steel with the 
high aluminum addition (high austenite-grain-coarsening tem- 
perature), confirming the results of the tests by Cross and Low- 
ther at Battelle Memorial Institute (9, 10). 

Specification of the austenite grain size alone, without men- 
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tion of the cooling rate from the heating temperature, is insuffi- 
cient to determine the creep behavior, as shown by the fact 
that the coarse ferrite-pearlite structure is more creep-resistant 
than the ferrite Widmanstitten structure formed from the same 
austenite grain size. While no spheroidized structure was in- 
cluded in this investigation, it has been clearly shown in a recent 
paper by Weaver (5) that specification of the ferrite grain size 
alone, without mention of the distribution of the carbide parti- 
cles, is also inadequate to specify the creep behavior. In other 
words, the creep strength of a given material does not depend 
upon its grain size alone, but upon its entire microstructure and, 
thus, upon its entire heat-treatment. It should be noted that 
certain microstructures will spheroidize due to prolonged expo- 
sure to test or service temperatures (5, 11, 12) and hence the 
best structure for one temperature may not be the best at another 
temperature. No single grain size or microstructure produces 
optimum creep strength in a material over a wide range of tem- 
perature. 

It should be noted that the terms ‘‘coarse-grain material’? and 
“fine-grain material’? have been avoided. These terms are 
ambiguous, since coarse-grain material could refer either to a 
steel with a low austenite-grain-coarsening temperature or to 
a steel with a coarse ferrite-grain size. 


SUMMARY 


1 The steel deoxidized with 0.5 lb of aluminum per ton was 
found to have a low austenite grain-coarsening temperature, 
while that deoxidized with 1.5 lb of aluminum per ton had a high 
austenite-grain-coarsening temperature and a range of mixed 
coarse and fine ‘duplex’ austenite grains. Coarse or fine 
ferrite grains could be produced in either steel by appropriate 
heat treatment. 

2 When compared on the basis of similar microstructures, 
the low-aluminum steel had a slightly higher hardness and lower 
impact strength than the high-aluminum steel. 

3 With a similar microstructure in both steels, the low- 
aluminum steel was found to be more creep-resistant at 1000 F 
under stresses less than 12,000 psi and to exhibit a more pro- 
nounced decrease in creep rate with time than the high-aluminum 
steel. 

4 Comparison of the three types of microstructure in each 
steel showed that at 1000 F the coarse ferrite-pearlite structure 
was more creep-resistant and showed a decreasing creep rate 
more consistently than did the ferrite Widmanstitten structure, 
which in turn was more creep-resistant than the fine ferrite- 
pearlite structure. Under the same stress, the total deformation 
in 3000 hr was less in the ferrite Widmanstitten structure than 
in the other two, except in one case. 

5 In either steel the coarse ferrite-pearlite structure had 
lower hardness and lower impact strength than the ferrite Wid- 
manstiatten structure which in turn was harder and had lower 
impact strength than the fine ferrite-pearlite structure. 

6 The coarse ferrite-pearlite structure had higher creep 
strength than the fine ferrite-pearlite structure at 1000 F, but 
lower creep strength at 850 F. 

7 While coarse ferrite-pearlite had the highest creep strength 
of the three structures at 1000 F, its initial impact strength was 
definitely inferior and deteriorated during the creep test. The 
fine ferrite-pearlite structure had the highest initial impact 
strength but the lowest creep strength. The ferrite Widman- 
statten structure appeared to be most satisfactory at 1000 F; 
its creep strength was good and its total deformation the lowest 
of the three structures. Its initial impact strength was almost 
as high as that of the fine ferrite-pearlite structure, and there was 
little deterioration of the material, as evidenced by the small loss 
in impact strength during the creep tests. 
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8 Summarizing the difference between the two types of steel, 
it appears that when both steels are heat-treated from just 
above the A; temperature, the ferrite grain size of the low- 
aluminum steel would be coarser than that of the high-aluminum 
steel, and its creep strength would thus be superior at 1000 F. 
This is not the only reason for its superiority, however. The 
present investigation has shown that, even if each steel is heat- 
treated in such a manner that the grain size and microstructure 
of the two steels are similar, the creep behavior of the low- 
aluminum steel at 1000 F is better than that of the high-alumi- 
num steel. The true difference between the two materials thus 
appears to be associated with the difference in the amount of 
aluminum added to the material. 
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Discussion 


Ernest L. Roprnson.* The tests made under the direction of 
the author have been at specified stresses, with the result that his 
quantitative comparisons between one material and another are 
given on the basis of creep rates for a given loading rather than 
on the basis of creep strength for a given rate. While the author 
points out which materials are stronger or weaker, he does not 
make a quantitative comparison, based on a definite specified 
creep rate. However, Figs. 4, 5, and 6 of the paper enable such 
comparisons to be made by extrapolating the results on the 
stronger materials to somewhat higher stresses than those at 
which they were tested, and the weaker materials to stresses 
somewhat lower than those at which they were tested. 

Results obtained by such extrapolation cannot be said to have 
the validity of actual tests, but they do enable us to make definite 
comparisons which may be said to represent the indications of 
the results of this program. 


6 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 
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The author’s Figs. 4, 5, and 6 enable comparisons with a 
minimum of extrapolation at the middle creep rate of 5 per cent 
per 100,000 hr (0.5 millionth in. per in. per hr). In the case of the 
stronger materials, the tests have been actually carried down to 
rates less than 1 per cent per 100,000 hr (0.1 millionth in. per in. 
per hr). However, rather large extrapolation is required on the 
part of the weaker materials to determine what stress would 
cause a creep rate of 1 per cent per 100,000 hr in such materials. 

Reading from the author’s Figs. 4, 5, and 6, Tables 3 and 4 of 
this discussion have been prepared to show the creep strength in 
pounds per square inch at 1000 F and at 850 F. 


TABLE 3 CREEP STRENGTHS IN POUNDS PER SQUARE INCH 
AT 1000 
-—Rate, per cent per 
100,000 hr 
5 1 
Per cent Per cent 
1.5 Lbaluminum, coarse, 1... 28000 10000 
1.5 Lb aluminum, fine, C......... . 7000 3000 
0.5 Lb aluminum, coarse, D...... 18000 11200 
0.5 Lb aluminum, fine, F.. 13000 7200 


* Based on Fig. 4 or Fig. 5. 


TABLE 4 CREEP STRENGTHS IN POUNDS PER SQUARE INCH 


AT 850 F@ 

Rate, 5 per cent per 100,000 hr 
25000 
. .80000 


1.5 Lb aluminum, coarse, A 
1.5 Lb aluminum, fine, C 


@ Based on Fig. 6. 


Coarse Versus Fine Structure. From these tables it appears 
that at 1000 F the steel with 1.5 lb of aluminum added is in the 
order of 4 times as strong in the coarse condition as in the fine for 
the faster creep rate of 5 per cent, and in the order of 3 times as 
strong for the 1 per cent creep rate. The steel with 0.5 lb of 
aluminum added is some 40 per cent stronger in the coarse condi- 
tion at the higher creep rate, and more than 50 per cent stronger at 
the lower creep rate. 

Variations With Aluminum Content. 
and at the higher creep rate, the material with 1.5 lb of aluminum 
is more than 50 per cent stronger than that with 0.5 lb of alumi- 
num. However, at the lower creep rate, which is nearer to the 
design condition, the high-aluminum material is some 10 per cent 
weaker than the low-aluminum material. 

In the fine condition at both creep rates, the material with the 
restricted amount of aluminum is two or three times as strong as 
that with the 1.5 lb addition. 

The A.S.M.E, Boiler Code allows a working stress for this ma- 
terial of 5000 or 4400 psi, depending upon whether there is grain- 
size control. These figures are supposed to represent 0.8 of the 
creep strength, based on a rate of 1 per cent per 100,000 hr. 
Table 3 of this discussion shows a figure of 3000 for the fine 
material C with 1.5 lb of aluminum added. This figure is based 
on a long extrapolation giving the material the benefit of a good 
deal of doubt. A test might show a much lower value but proba- 
bly not much higher. Certainly this material would be en- 
tirely inadequate to meet Boiler Code requirements. 

At 850 F, the fine material is 20 per cent stronger than the 
coarse material for the higher rate of creep. No further compari- 
sons are available at this temperature. 

Thus, without being too precise as to the exact figures, the 
evidence of these tests indicates that the fine material may be in 
the order of 20 per cent better at the lower temperature, but at 
the higher temperature it may be only one quarter to one third as 
good. This evidence, therefore, shows that any comprehensive 
specification should provide for fine material at moderate tem- 
peratures and for coarse material at higher temperatures. 

On the other hand, the evidence of these tests is equally clear 


In the coarse condition, 
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that a blanket specification should call for a coarse structure, and 
especially so if the aluminum is not limited. A fine structure 
may be 20 per cent stronger at lower temperatures but at higher 
temperatures anywhere from one third weaker with low alumi- 
num to only one quarter as strong with high aluminum. In any 
case, these tests indicate that careful limitation of the aluminum 
addition results in higher creep strength for the lower rates of 
creep corresponding to design loadings, regardless of whether the 
microstructure is coarse or fine. 


A. E, Wurre.?— The writer will discuss briefly three matters 
which the author has presented in his paper: i.e., (a) influence of 
grain size at 1000 and 850 F on high-temperature properties; 
(b) effect of aluminum on high-temperature properties (possibly 
through its effect on grain size); and (c) ferrite-pearlite versus 
ferrite Widmanstitten structures on high-temperature proper- 
ties, 

The findings of the author, with respect to the better high- 
temperature values obtained with large grain size at 1000 F, and 
with small grain size at 850 F, are quite in accord with the theory 
advanced by Dr. Clark and the writer.® 

The author in his paper states: ‘The true difference between 
the two materials thus appears to be associated with the difference 
in the amount of aluminum added to the material.”” This is a 
perfectly guarded sentence, for it makes no commitments but 
only expresses trends. It is true that, from the results reported, 
the better high-temperature properties at 1000 F, with but one 
exception, were obtained with the steel to which the smaller 
amount of aluminum had been added. Yet, between the limits 
of aluminum additions of 1 to 2.25 lb per ton, White and Crocker, 
in a previous paper® failed to find a relationship between creep 
strength and aluminum additions. The work in question was 
done on a number of commercial heats of carbon-molybdenum 
steel purchased on the basis of the A-206 Specification. These 
steels, therefore, were essentially of the same composition. 
Also, all of these heats were given the same heat-treatment. Yet, 
in spite of the fact that these heats were essentially of the same 
chemical composition and had been given the same heat-treat- 
ment, the creep rate at 925 F, expressed in per cent per 100,000 
hr, was found to be 2.1 per cent in a case in which 1 lb of alumi- 
num per ton was added, whereas, when the amount of aluminum 
was increased to 1.2 lb per ton, a creep rate of 0.3 was found. In 
the case of two heats to each of which there was added 2.25 lb of 
aluminum per ton, the creep rate was 0.29 per cent in one case 
and 1.4 per cent in another case. Thus, within the range of 
aluminum additions of 1 to 2.25 lb per ton, there resulted no 
consistent changes in creep rates due to aluminum-addition 
differences. 

We know that aluminum affects grain size and if we eliminated 
all variables but the amount of the aluminum additions, the in- 
fluence of aluminum would be most potent. Yet the writer 
would point out, and in this respect he believes the author will 
agree, that there are factors other than aluminum which influence 
high-temperature properties. 

The findings of the author that a coarse ferrite-pearlite struc- 
ture is superior to a coarse ferrite Widmanstiitten structure, from 
the standpoint of creep rate at 1000 F, are somewhat at variance 
with the findings at 925 F in White and Crocker’s paper;? for in 
that paper the material with a coarse-grained Widmanstitten 
structure gave better creep values than the material with a 
coarse-grained ferrite-pearlite structure. The difference be- 


7 Director of Engineering Research, University of Michigan, Ann 
Arbor, Mich. Mem. A.S.M.E. 
8 Author’s Bibliography (3). 
® Author’s Bibliography (4). 
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tween the findings of the author and those of White and Crocker 
may be due to the difference in the temperatures, 1000 F versus 
925 F, or it may be due to other factors which have not as yet 
been explained. 

It is interesting to note that the author is in agreement with 
the findings of White and Crocker in so far as the best possible 
all-round type of structure is concerned; that is, the author con- 
cludes: ‘The ferrite Widmanstitten structure appeared to be 
the most satisfactory at 1000 F.”’ 

In conclusion, the writer wishes again to congratulate the 
author on his contribution, for it is only through scientific work of 
the type reported in this paper that our knowledge with respect 
to the properties of metals, in this case carbon-molybdenum 
steel, can be increased. 


AvTHoR’s CLOSURE 


Mr. Robinson’s analysis of the creep data is much appreciated, 


MAY, 1943 


and the author is in general agreement with his conclusions. 
However, the purpose of the present work was to compare the 
behavior of the two materials under a variety of conditions, rather 
than to determine any specific creep rate. It has been our 
experience that stress-creep rate data do not always lie on a 
straight line on a log-log or a semi-log plot, and we, therefore, 
prefer to avoid extensive extrapolation of the data. 

In regard to Prof. White’s comments, the agreement between 
the present work and that carried out by White and Crocker 
might have been clearer had these investigators heat-treated 
their various carbon-molybdenum steels to produce substantially 
the same microstructure in all. Although their steels were 
all of the same general composition, the aluminum additions, 
and hence the austenite grain-coarsening characteristies were 
different; consequently, when all were given the same heat- 
treatment, different microstructures and correspondingly differ- 
ent creep characteristics resulted. 
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Static Friction 


By WALTER CLAYPOOLE,' NEW YORK, N. Y. 


A new machine is described by means of which static 
friction between contacting surfaces separated by lubri- 
cating films of thickness approaching molecular dimen- 
sions can be measured with considerable precision. In 
a test run, a number of spot determinations of the static 
coefficient are made at closely spaced points over a short 
rubbing track not exceeding a few thousandths of an 
inch in length. The individual ‘slips’? at the contact 
may be as small as 0.0002 in. The unit pressure is of the 
order of 500 psi. A significant correlation between static 
friction and the molecular structure and dimensions of a 
pure hydrocarbon lubricant has been established. Ex- 
ceedingly smooth contacting surfaces overlaid with mono- 
molecular films of strongly polar hydrocarbons have 
exhibited the phenomenon of vanishingly low static 
friction. 


INTRODUCTION 


HIS paper presents the results of an experimental inquiry 

into some phenomena of static friction, particularly in a 

system where two relatively smooth surfaces, separated by 
a very thin lubricating film, are pressed together under load. 

“Static friction” is measured by the tangential force required 
to initiate slip of one surface with respect to another. This 
generally accepted definition is faulty in that it presents a picture 
of absolute immobility until some critical value of tangential 
force is reached, after which one surface starts to slide visibly 
over the other. 

It is of course well recognized that, in any specified friction 
system, the force necessary to cause slip may vary within rather 
wide limits and that such variation may be referred to the com- 
plex factors operating in the contact area. It is not so well 
recognized, however, that initial slip may be on a very minute 
scale observable only with the aid of a microscope. Granting 
this, it would naturally follow that on the basis of the accepted 
definition the value of static friction in a specified system may be 
much less than as determined under the usual conditions. 

Another effect not commonly observed is a very slow creep of 
one surface over the other, the movement being initiated by a 
critically small increment of the applied tangential force at the 
contact. 

Still another phenomenon observed occasionally under es- 
pecially favorable conditions is that of vanishingly small static 
friction. 

In a paper published elsewhere,? the postulate was advanced 
that two geometrically plane surfaces each overlaid with a mono- 
layer of oriented molecules would slide over each other without 
hindrance, the only work absorbed being that referable to the 
distortion of the molecular field of force across the interface. 


1The Pupin Laboratory, Columbia University, on Fellowship 
established at Columbia University by The Texas Company, New 
York, N. Y. 

2 ‘The Nature of Static Friction,” by Walter Claypoole and D. B. 
Cook, Journal of The Franklin Institute, vol. 233, no. 5, May, 1942, 
pp. 453-463. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., Nov. 30- 
Dec. 4, 1942, of Tue AMERICAN SocreTY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Geometrically true planes are of course unattainable. 


However, 
in this paper experimental evidence will be presented in support 
of the theoretical argument. 


MEASUREMENT OF Static FRICTION 


The determination of the “static coefficient” appears at first 
sight to be a very simple matter. One quantity must be known, 
i.e., the normal pressure or load between the test specimens. 
One quantity must be measured, i.e., the tangential force which 
is required to cause relative movement in the plane of contact. 
Visual or instrumental observation determines initial slip. 

The classical tilting-track device is theoretically ideal. We do 
not even have to know the load. The plane of contact is tilted 
from the horizontal until slip occurs. The tangent of this angle 
is the “coefficient of static friction.” It is not necessary here to 
discuss the practical limitations of this method as regards sensi- 
tivity and precision. 

A very full literature exists on the subject of the measurement 
of friction under a wide variety of experimental conditions. In 
this paper, a new and sensitive machine is described which lends 
itself to the determination of static coefficients of the order of 
0.0002, and of slips of the order of 1 » (about 0.00004 in.). 

The method involves the application of successive increments 
of tangential force at the contact between the test specimens. 
For each force increment the resultant slip is measured and the 
local value of the static coefficient is computed. The plot of 
coefficient against slip gives a picture of the variation of friction 
at closely spaced points along a short rubbing track. 

It should be noted that in this investigation no attempt was 
made to determine static coefficients as such but rather to 
inquire into some of the basic phenomena of friction. To this 
end the experimental conditions were kept as constant as pos- 
sible and were confined within narrow limits. 


Tue SHort-Track Friction TESTER 


A consideration of all aspects of the problem led to the formu- 
lation of certain specific requirements which must be met by a 
machine suitable for the purpose of the investigation. These are 
as follows: 


1 The material used for the test specimens must be chemically 
inert toward the lubricant used. 

2 The contacting surfaces must have as high a degree of 
smoothness as is practicable. 

3 The geometrical form of the contacting surfaces must 
be such that the area of contact under a specified load may be 
calculated. 

4 The working load, normal to the plane of contact, must be 
applied with minimum disturbance to the lubricating film. 

5 It must be possible to apply successive small increments of 
force in the plane of contact and to determine the value of such 
increments to a high degree of precision. 

6 Very small relative movement between the specimens at 
the contact area must be accurately measurable. 

7 The suspension for the movable specimen must be such that 
only parallel travel is possible. 


The first three of these requirements were met by the use of a 
glass lens of high optical quality opposed to a glass interferometer 
flat, the lens being the movable specimen. To meet Specification 
7, the lens was mounted in a holder suspended by four light and 
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flexible silver chains. Two of these chains were in the vertical 
plane containing the line of action of the applied force. This 
assured that the lens moved always in a horizontal plane. 

To meet Specification 5 the use of a chemical balance first 
suggested itself. This would necessarily have to be of the chaino- 
matic type since it is essential that the force increments be 
smoothly applied. This idea, however, was laid aside in favor of 
a torsion-wire device which proved both smooth and sensitive in 
operation. The limiting value of the applied foree which can be 
measured using the dial vernier is of the order of 1 mg. 

Specification 6 was met by the use of a microscope provided 


Fic. 1 Ssort-Track Friction Tester 
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Fig. or SHoRT-TRACK FRICTION TESTER 


with an ocular micrometer. A light glass fiber mounted vertically 
on the linkage between the torsion wire and the suspended lens 
had its tip fused into a tiny sphere. The relation between the 
drift of the image of the needle tip in the field and slip at the con- 
tact was carefully determined. As before stated slip was easily 
measurable to 1 micron. 

Fig. 1 shows the machine as assembled for test. For clarity 
the tube used for protecting the slip-indicator needle from drafts 
has been removed. The balance arm is in the form of a cross and 
widely spaced knife-edges are used to provide lateral stability. 
Underneath the main counterpoise, at the right, are two U-shaped 
weights made of wire and carefully adjusted to a value of 0.5 g 
each. Before a test these weights are on their hooks. A second 
small counterpoise on the balance bar provides a means of bring- 
ing the lens just into contact with the flat but without load. If 
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one of the U-weights is now removed a load of 0.5 g is applied. 
If both are removed the load is 1 g. 

Fig. 2 shows in diagrammatic form the essential features of the 
machine as it appears in front elevation. Item (1) is the torsion 
wire normal to the plane of the paper. Torque is imparted to 
the wire by turning a dial (2). This dial is graduated in 60 equal 
divisions and is provided with a vernier. Mounted at the middle 
point of the torsion wire is a light metal piece (8) comprising two 
rectangular plates screwed together, their ground inner faces 
serving as the jaws of a vise on the torsion wire. The glass needle 
(4) already mentioned is cemented in a small hole in the upper 
edge of the vise, and the complete assembly is made slightly 
bottom-heavy for mechanical stability. A silk thread (5) is 
cemented in a slot cut in the upper edge of the vise and passes 
horizontally to left and right. This thread has two functions: 

(a) It transmits force from the torque system to the friction 
contact. 

(b) It provides a means for maintaining the movable speci- 
men in mechanical equilibrium. 

The friction contact is between the lower surface of a convex 
lens (6) and a flat (7). The lens is mounted in a metal holder 
(8) supported in a hole in the suspension plate (9). The lens is 
held in place on a machined seat in the lower face of the holder by 
a touch of Duco cement and may easily be removed for cleaning. 

The plate (9) is suspended from a similar plate mounted on the 
front end of the balance arm, as may be seenin the photograph, by 
four light silver chains such as used for costume jewelry. Two 
of these are shown at (10) and these lie in the plane of the thread. 
Two light metal lugs (11), the function of which will be later 
described, are attached to the edge of the plate (9) at the ends of 
a diameter coincident with the line of the thread. 

The extreme opposite ends of the thread are cemented to pins 
(12) which rise from the upper faces of the metal disks (13), 
which ride on knife-edges. Sufficient tension to take up all slack 
in the thread is provided by two equal weights mounted at the 
points (14) near the outer edges of the disks. Also at the points 
(14) are silk loops (15) on which may be hung weights used for 
calibrating the machine. 


ALIGNMENT 


The last operation to be performed in assembling the machine 
is accurate alignment, particularly with respect to the thread. 
With the lens holder in place the balance arm is counterpoised to 
bring the lens just in contact with the flat. The arm is then 
locked in position and the lens holder removed. A free length of 
the thread to be used is now passed through the machine and held 
by external supports under normal tension, after which the 
following adjustments are made: 

1 The thread is brought into the plane of the upper surface of 
the flat. 

2 The thread is adjusted to Ke in a plane normal to the torsion 
wire. This plane contains the point at which the lens will make 
contact with the flat. 

3 Adjustment of the torsion assembly is made so that the 
thread lies truly in a narrow slot cut in the upper edge of the vise. 

4 Adjustment of the lugs (11) is made so that the thread 
passes truly through narrow slots cut vertically in them. 

5 The weighted disks (13), supported so that the pins (12) 
are vertical, are moved along their knife-edges until the thread 
just touches the side of the pins. 

6 An adjustment is made to bring the glass pointer into the 
vertical. 

7 A touch of cement is now applied to lock the thread at the 
lugs (11), at the pins (12), and in the vise slot. 

8 When the cement has dried, the piece of thread between 
the lugs is cut away. 
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CALIBRATION 


Two calibrations are required, the first being the relation be- 
tween torque and tension in the thread, and the second being the 
relation between torque and displacement at the contact point. 
By ‘“‘torque”’ is meant the number of divisions through which the 
dial is turned from its working zero. 

Calibration for Thread Pull in Terms of Dial Divisions. The 
balance-arm counterpoise is adjusted until contact between lens 
and flat is just broken. With the dial reading at its working zero, 
the micrometer fiducial line is brought to the edge of the image of 
the needle tip. A small known weight is then hung on the right- 
hand loop (15). The added known tension in this section of the 
thread produces a displacement of the needle tip observable in 
the field of the microscope. The dial is then turned by an amount 
sufficient to bring the image back to its original setting. This 
process is repeated by adding more small weights to the loop until 
a sufficient number of points have been obtained. Since the 
amplification factor of the mechanical system is known, the value 
of the thread pull in milligrams is also known. Fig. 3 is a graph 
of thread pull against dial divisions and shows a sufficiently 
accurate linear relationship over the working range. A factor of 
2.75 mg per division was accepted. 
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Calibration for Slip in Terms of Dial Divisions. With the con- 
tact between lens and flat still broken, the dial is set at the work- 
ing zero, and the fiducial line brought to the edge of the image. 
The ocular micrometer reading is noted, the dial turned through 
1 division, and the micrometer reading again noted after bringing 
the edge of the image once more to the line. This process is re- 
peated, turning the dial 1 division at a time until the working 
range is covered. This graph also was linear, the torque cor- 
responding to 1 dial division giving a displacement at the contact 
of 3.244. Since this amount of torque has been found equivalent 
to a thread pull of 2.75 mg, it is seen that, under conditions of 
zero friction (contact broken), a tangential force of 2.75 mg will 
produce a slip of 3.24 », or 1 uw per 0.85 mg. This factor was 
accepted. 

EXPERIMENTAL PROCEDURE 


Cleaning the Glass Surfaces. After a test, the lens and flat are 
removed from their metal holders and immersed in acid cleaning 
solution to remove all traces of the old film. They are then 
washed in plenty of hot water to remove all acid and finally in 
distilled water. After this treatment, the glasses are dried in a 
jet of nitrogen. An air jet could be used if sufficiently clean. 

Application of Lubricating Film. A very small amount of the 
test lubricant is. spotted over the surfaces of the lens and flat. 
With a Kleenex pad this is then spread as uniformly as possible, 
the film at this stage being thick enough to be visible under suita- 
ble illumination. Three or more additional rubbings are now 


made with Kleenex pads, the object being to reduce the film 
thickness to molecular dimensions. 


After the rubbing-down 
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process and under critical illumination no trace of a surface film 
can be seen. By breathing on the surface from time to time dur- 
ing the rubdown, the condition of the film with regard to uniform- 
ity of thickness can easily be determined. It is, however, im- 
possible to estimate the actual thickness at any stage. If at the 
end of the rubdown water is poured on the surface it may be 
shaken off leaving the glass apparently dry. This definitely 
proves that a film of at least molecular thickness is attached to 
the surface. It appears to be experimentally proved that the 
removal of a material of polar nature can be carried down to 
molecular dimensions, but not further, by vigorous rubbing with 
a nonabrasive.? 

In the tests reported in this paper, the qualifying term ‘‘mono- 
molecular’ means that the film on both lens and flat has been so 
vigorously rubbed down that its thickness must have been re- 
duced to the order of molecular dimensions. 

It would have been possible to apply true monolayers to the 
glass surfaces of certain of the materials used by using the 
Langmuir trough technique. This method was not adopted be- 
eause many of the lubricants tested will not form condensed 
monolayers on the water surface. 

Removing. Accidental Surface Dust. It is very important that no 
dust or lint particles remain on the test surfaces. These may be 
blown off by a strong jet of nitrogen or clean air. 

Removing Electric Charge. The rubbing process generates an 
electrostatic charge on the glass surfaces. If this is not com- 
pletely removed accurate determinations of friction are not 
possible. The reason is that the apparent load is increased due 
to attraction between lens and flat at the contact spot. The 
force of attraction may be surprisingly large. Coefficients of 
friction in this investigation are computed on the basis of a load 
of 1 g. 

On days when the humidity was low it was found that an up- 
ward pull of between 4 and 5 g was required to break contact 
after removal of the test load. This means that the computed 
coefficients were nearly 6 times too high, since the actual load was 
the sum of the test load and that due to the electrostatic attrac- 
tion. 

The charge may be removed by exposing the glasses to vapor 
arising from hot water through leakage over the condensed water 
film. During a test it is advisable to use a radioactive source 
close to the glasses and to cover the machine with a grounded 
metal shield. 

Test for Zero Balance. The test surfaces are placed in the 
machine and the balance-arm counterpoise adjusted to bring the 
lens just in contact with the flat under no-load conditions. 
Observation of the motion of the image of the needle tip shows 
when this condition has been reached. With the dial set at its 
working zero, the test load is now applied. It is usually found 
that the image drifts a slight distance to one side or the other of 
the fiducial line. This is chargeable to a condition of unbalance 
of the various forces involved, and it is necessary to wait until 
equilibrium is established. A very slight tapping on the bench 
top will shorten this delay. The criterion for exact equilibrium is 
equal excursions of the image to right or left of the line when the 
dial is turned through the same small angle to left or right of the 
working zero. 


Tue Friction Test 


The ocular micrometer is set to bring the fiducial line in exact 
coincidence with the edge of the image and the reading noted. 
The dial is then turned slowly and smoothly through 2 divisions. 
If the image does not move, it means that initial static friction is 


*“Built-Up Films of Barium Stearate and Their Optical Proper- 
ties,” by K. B. Blodgett and Irving Langmuir, The Physical Review, 
vol. 51, 1937, pp. 964-982. 


“4 

= 

as 

j~ 

4 

if 

> 

x 

2 

ks 

at 


320 TRANSACTIONS OF THE A.S.M.E. 


greater than 5.5 mg, which is the value of the tangential force 
applied by virtue of the torque of 2 divisions. Conversely, if the 
image does move, it means that initial static friction is less than 
5.5 mg, but it is not apparent how much less. With the standard 
load of 1 g the value of the coefficient at initial slip might be any- 
thing from just above zero to just below 0.0055. From the drift 
of the image the slip in microns is determined, and by reference 
to a correction table the coefficient at the end of the slip is com- 
puted. Data from an actual test are given in Table 1 and are 
used to illustrate the method of computing the local values of 
the static coefficient over a portion of the rubbing track. 


TABLE 1 STEARIC ACID; MONOLAYER; GLASS LENS ON 
GLASS FLAT; LOAD, 1G 
Divisions, 


Force increase, Observed slip, 


Dial reading increase mg “ 
30 0 0 0 
32 2 5.5 4 
34 4 11.0 8 
36 6 16.5 15 
38 8 22.0 22 
40 10 27.5 27 
42 12 33.0 32 
44 14 38.5 41 


The first point to be plotted is 5.5 mg at zero slip. The ques- 
tion now is: Where must the second point be plotted? It is ob- 
vious that at the end of a slip the force on the thread is less than 
at the start of slip. It will be remembered that a factor of 0.85 
mg per 1 yu slip was determined by direct calibration. Therefore, 
the correction to be applied to the first slip in this test is 4 x 
0.85 = 3.4 mg, giving a net force of 5.5 — 3.4 = 2.1 mg at the end 
of 4 u slip. 

The graph Fig. 4 shows, at A and B, the two points just deter- 
mined. The system is now in equilibrium at the contact and will 
remain so until a tangential force in excess of the present value of 
static friction is applied. It has been found convenient, how- 
ever, to turn the dial through exactly 2 divisions for every read- 
ing thus applying increments of force of exactly 5.5 mg. Re- 
ferring to Table 1, it is seen that an increment of 5.5 mg at point 
B caused a further slip of 4 4 thus moving the contact a total dis- 
tance of 8 » along the track. The net value of the applied force at 
point C is 2.1 + 5.5 = 7.6 mg. 

A continuation of this procedure for the observed data gives a 
graph of a saw-tooth type. In a sense, the friction at the contact 
is of a “‘stick-slip” character and is reminiscent of that reported 
by Bowden‘ who regarded the ‘‘stick”’ as due to the formation of 
minute welds resulting from high pressure and high local tempera- 
tures developed during the rapid slip. In the present case, how- 
ever, the slip speed is of the order of 50,000 times slower than in 
the Bowden experiments, which means that heat effects must be 
vanishingly small. 


COEFFICIENT OF STATIC FRICTION 


Since the load at the contact is 1 g, the same graph shows the 
local variation of the static coefficient along the rubbing track. 
The coefficients are obtained by dividing the values for friction 
(in milligrams) by 1000. The question arises: Which points on 
the saw-tooth graph, upper or lower, give the local values of the 
coefficient? As before stated, the upper points merely indicate the 
net values of the applied force at the contact for a succession of 
points along the track. At point C, for instance, the net force 
was 7.6 mg following the addition of an arbitrarily chosen in- 
crement of 5.5 mg. This increment may have been more than 
was necessary to initiate further slip, in which case the computed 
coefficient 0.0076 would be too high. Indeed, it is safe to assume 
that all the peaks on the coefficient graph are too high. What is 


4“‘The Nature of Sliding and the Analysis of Friction,’ by F. P. 
Bowden and L. Leben, Proceedings of the Royal Society of London, 
series A, vol. 169, 1939, p. 386. 
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now the situation with regard to the lower points? During slip, 
the force at the contact is being very slowly reduced and when it 
has fallen to a value approximating the friction at that point in 
the track, motion will cease. Very obviously, the local values of 
the static coefficient cannot fall below the lower points of the 
saw-tooth graph, but if, as is likely, kinetic “overshooting” is 
negligible, they will not lie much above these points. 

A number of experiments have shown very conclusively that 
slip may be initiated by force increments very much smaller than 
were applied in the routine test reported in Table 1. Fig. 5 is a 
graph of the observed data in such an experiment. The material 
used had a high degree of so-called ‘‘oiliness’’ which accounts for 
the low frictional coefficients observed. The feature of direct 
interest, however, is the fact that only very small increments of 
force were required to initiate measurable successive slips. The 
graph is still of the saw-tooth type but if, as in graph B, the same 
ordinate scale is used as in Fig. 4 it is immediately seen that the 
lower points of any saw-tooth friction graph may, without serious 
error, be taken as the local values of the static coefficient. The 
dotted line in Fig. 4, connecting the lower points, is regarded as a 
sufficiently accurate picture of the variation of static friction 
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along the rubbing track. This method of plotting has been 
adopted as standard for tests made on this machine, 


Data RELATING TO THE CONTACT 


The lens has a radius of curvature of 5in. The diameter of the 
contact circle under the normetl load of 1 g as computed from the 
Hertz formula is 0.0023 in. The average pressure is about 550 
psi, and the maximum pressure in the center of the contact circle 
about 820 psi. 

It will be noted that the diameter of the contact area is ap- 
proximately 1/3 of the length of the working track. (0.001 in. = 
25.4 u.) This scale is shown in Fig. 8. 


INTERPRETATION OF FRICTION GRAPHS 


A study of the friction graphs of three typical materials tested 
in the short-track machine will help to clarify the picture of what 
happens at the contact between lens and flat. Specifically, such a 
study will show that different types of lubricants afford different 
degrees of protection to the rubbing surfaces. 

In Fig. 6, A is the graph obtained with monomolecular films of 
palmitic acid on the glass surfaces. The molecule of this lubri- 
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cant has the very active carboxyl group at one end and will bond 
itself strongly, even on a surface of glass. In this same illustra- 
tion B is the graph of an exactly similar test made with ethyl 
palmitate, the ester of palmitic acid. The molecule of this 
material is much less active since the carboxyl group has been 
replaced by the ethyl radical C,H. Finally, Fig. 7 shows the 
friction graph for Nujol, a highly refined hydrocarbon oil having 
negligible molecular bonding activity. In this test, the film 
applied to the lens and the flat was thick enough to be visible. 
This was deliberately done with the object of making the friction 
as low as was possible with such a poor lubricant. The actual 
thickness under the pressure conditions in the contact area is, of 
course, greatly reduced and may reach molecular dimensions 
toward the center. 

Significant differences between the lubricants are revealed by a 
study of these graphs. The protecting value of palmitic acid is 
evidently very high as evidenced by the fact that the coefficient of 
static friction is fairly constant over the entire track at the low 
average of 0.005. The sharp variation in the local values of the 
coefficient in this and in all of the graphs is believed to be due 
mainly if not entirely to variations of smoothness of the surfaces. 
A general upward trend in the coefficient is referable to pro- 
gressive thinning of the film under rubbing attack. The less 
strongly the molecules of the lubricant are bonded to the base 
surfaces, the more easily are they removed and the steeper will be 
the rise of the coefficient along the track. Graph B, Fig. 6, is il- 
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lustrative of this. The starting value of the coefficient is the same 
for ethyl palmitate as for palmitic acid, but the end value is nearly 
6 times higher. Evidently, the ester affords much less protection 
than does the acid. If the test had been carried further, it is to be 
expected that a point would be reached where the graph would 
rise very steeply, indicating that the film had been thinned to the 
danger point. 

Nujol, the third typical material selected, provides an example 
of an oil having practically no protective value. In Fig. 7, the 
friction ordinate has been compressed to one half the scale of the 
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two previous graphs. It is to be noted first that the starting 
value of the coefficient is much higher than for the other two 
lubricants studied. The basic reason for this lies in the fact that 
the molecules of Nujol do not orient themselves with respect 
to the surface, and in consequence, a monolayer of this oil is 
thinner than a monolayer of a lubricant such as palmitic acid. 
Such a material forms a carpet of closely packed molecules, the 
pile of the carpet being comparable to the length of the molecule. 
On the other hand, a monomolecular carpet of Nujol has no pile. 
The molecules are lying in random fashion on the base surface, 
which means that its thickness is much less than if they were 
oriented. 

A further inspection of the Nujol graph shows that, after a 
travel of about 30 u the coefficient begins to_rise significantly, and 
after 50 uw, very sharply indeed, to an end value exceeding 0.09. 
If the test had been carried over the same track length as before, 
the friction would have reached such a high value that the sur- 
faces would have been damaged. 


PHENOMENON OF “VANISHING” FRICTION 


Abnormally low values of friction have occasionally been ob- 
served when testing monomolecular films of highly active ma- 
terials between the lens and flat, and under the working load. It 
is believed that an essential condition for the occurence of this 
phenomenon is an extreme degree of smoothness of both surfaces 
meeting at the contact spot. It is to be remembered that no 
surface can be made smooth in the absolute sense, but it is 
legitimate to assume that on the best surfaces very small areas 
may exist which approach the ideal. If now, two such abnor- 
mally smooth areas on the lens and flat could be brought together 
under load, there being present on each only a single layer of 
strongly bonded molecules, it may be expected that the static 
friction would also be abnormally low. Since it is a matter of 
chance for two areas of the necessary high degree of smoothness 
to come into exact opposition, the phenomenon of vanishingly 
low friction is only rarely observed. 

Experimental. A massive concrete pier rising from bedrock was 
available for mounting the friction tester. The absence of 
vibration sufficient to cause visible ripple on the surface of clean 
mercury was proved. However, when the needle tip was ob- 
served under the microscope, after breaking contact between lens 
and flat, it was immediately seen that serious and variable vibra- 
tion was present. The instrument was then mounted on a heavy 
cast-iron plate between which and the concrete pier was a thick 
pad of absorbent cotton. The free swing of the image was now 
very much less in amplitude and did not appear to be affected by 
ordinary activities in the building. There is some possibility that 
the irreducible vibration now existing may be of seismic origin. 

The amplitude of free swing, i.e., under no-load conditions, 
does not exceed plus or minus 1.5 u, referred to the contact spot 
at the lens. The movement of the image is perfectly smooth and 
is probably sinusoidal. When the load is applied, the image 
movement is arrested. As before mentioned, the system may not 
at this moment be in exact balance. A stable zero can, however, 
eventually be obtained. In the great majority of cases, the image 
will remain permanently at this final reading, but occasion- 
ally it will be seen to move through a few micrometer divisions, 
again coming to rest. After.one or two seconds there will be 
another small excursion, perhaps in the opposite direction. This 
behavior has been observed to persist over a period of an hour or 
more but, after a sufficiently long time, the image comes perma- 
nently to rest. The maximum amplitude of the excursions is 
comparable to that of the free swing, which means that a com- 
parable amount of vibrational energy is required for maintenance 
of the motion in both cases. The fact that the motion is not 
smooth is proof that friction, however small, exists at the con- 
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tact. If there were no friction whatever, the needle tip would 
vibrate as freely with load at the contact as with load removed. 


CONCLUSIONS 


On the evidence, it would appear that the following general 
conclusions may be drawn: 


1 A small force, having its origin in the basic vibrational 
energy received by the system, operates at the contact. This 
force is alternating in direction. There is no basis for assuming 
that its root-mean-square value is constant. 

2 Since the force is alternating the direction of slip is also 
alternating. Slip will only occur when the instantaneous value 
of the force at the contact rises above the instantaneous value of 
static friction. 

3 Since the work done on the film is exceedingly small in 
amount, there can be only very slow deterioration. The general 
level of static friction remains for a long time below the maximum 
peak values of the force at the contact, and, while this condition 
obtains, the ‘‘stop-and-go”’ slip behavior will persist. 
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4 With any but perfect surfaces, however, there is a tendency 
toward the exposure of tiny denuded spots in the contact area 
and the simultaneous occurence of small peak values of friction. 
It is quite possible that the first time this happens the critical 
level of friction may be exceeded, in which case there will be no 
further slip. 


Fig. 8 shows the graph of a friction test made with a film of 
ricinoleic acid of molecular dimensions. The corrected values of 
the static coefficient between the points A and B were: zero, 
zero, zero, 0.002, 0.001, 0.0002, 0.0006, 0.001, 0.0005, 0.0001, 
0.0005. 

In the early part of this test, the image of the needle tip was 
observed to move in the erratic manner previously described, but, 
after a few more readings had been made, the image became 
stabilized, indicating that the friction had risen above the critical 
level. 

The steep, almost vertical, rise in the coefficient at the end of 
the test suggests a virtually complete removal of lubricant from 
the surfaces, and it is somewhat puzzling to account for this 
sudden destruction of the film. ' 

If the surfaces of the lens and flat were perfect at the contact 
area the film might be expected to last indefinitely, since there 
would be complete separation at all times. Further, the friction 
might be expected to be below a measurable value. With ordi- 
nary surfaces, however smoothly finished, a film of molecular di- 
mensions will inevitably break down sooner or later, the de- 
structive agency being the rubbing together of tiny irregularities 
on the opposed surfaces. The qualifying term ‘‘tiny’’ means ex- 
tremely small in the gross sense, but quite large on the molecular 
scale. When as a result of mechanical attack such irregularities 
are sheared off they carry with them relatively large numbers of 
bonded molecules of the lubricant. The effect of this loss may 
not be immediately apparent but at some later stage of the rub- 
bing process, there will be a rise of the friction coefficient, gradual 
at first but becoming steeper at an increasing rate. 
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Suppose now, as appears to be the case in the experiment under 
discussion, the surfaces in contact happen to approach perfection 
in smoothness. This means that such surface irregularities as are 
present approach molecular dimensions, and a corollary of this is 
the rate of loss of lubricant due to attrition is now proportionately 
reduced. This state of affairs is reflected in a low and fairly con- 
stant coefficient of static friction over a considerable length of 
track. Occasionally, as will be noted in the graph, there may be 
a local increase in the friction which may be reasonably attributed 
to the chance opposition of irregularities somewhat larger than 
those specified. 

The ultimate breakdown of any film of molecular dimensions 
may be expected to be initiated at the point of maximum pres- 
sure, i.e., at the center of the contact area. This is particularly 
true in the case under consideration since, in regions out from the 
center, irregularities of the order of molecular dimensions are sub- 
ject to rapidly decreasing shearing forces. It thus becomes 
reasonable to assume that the status quo of the film will be 
maintained until the loss of lubricating molecules at the center of 
the contact area is such as to raise the friction sensibly above the 
critical value. From this moment, the damaging effect of attri- 
tion proceeds rapidly because of the very small area involved. 


Discussion 


M. E. Mercuant.® The careful work of the author, reported 
in this interesting paper, has brought to light important facts on 
the frictional phenomena occurring at the very beginning of 
relative sliding motion between two boundary-lubricated con- 
tacting surfaces. Information on these phenomena is notice- 
ably lacking in the existing literature on friction. The paper is 
therefore an important step toward the filling of an evident gap 
in our knowledge of the fundamentals of the friction of boundary- 
lubricated surfaces. 

The author’s discovery of almost vanishingly small values of 
the coefficient of friction, occasionally, is of particular interest to 
the writer and his associates, for in it we find further confirmation 
of a general equation for the coefficient of static friction, derived 
as the result of an extended experimental and theoretical study of 
friction.*7 According to this equation and accompanying theory 
the coefficient of statie friction ean be expec el to become 
vanishingly small only if the mating surfaces are perfectly smooth 
and are covered with a complete film of adsorbed material 
having negligible shear strength. These ideal conditions are 
surely closely approached under the best conditions of the 
author’s experiments. 

The author apparently feels reasonably sure that practically 
all of the apparent contact area between the optically smooth 
lens and plate, given by the Hertz formula, is in actual “‘con- 
tact” or bearing. We will not attempt to argue this point, but 
would not be surprised if, even with these very smooth surfaces, 
the distribution of pressure is far fom regular. The deformation 
of the film of lubricant by the surface pressures certainly cannot 
be entirely uniform. Nevertheless the conditions prevailing 
in these tests probably come as close to involving true elastic 
contact (as opposed to the usual plastic flow of contact areas) as 
is at present possible. Therefore, it would have been most inter- 
esting to have had data presented on the dependence of the co- 
efficient of friction on load. For, as has been shown elsewhere,*” 


5 Physicist, Research Department, Cincinnati Milling Machine 
Co., Cincinnati, Ohio. 

6 ‘Mechanism of Statice Friction,”” by M. E. Merchant, Journal of 
Applied Physics, vol. 11, 1940, p. 230. 

7 “Surface Friction of Clean Metals,’ by H. Ernst and M. E. 
Merchant, Proc. Summer Conference on Friction and Surface Finish, 
Massachusetts In&titute of Technology, Cambridge, Mass., June, 
1940, pp. 76-101. 
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the coefficient of friction can no longer be expected to be inde- 
pendent of load when the area of contact is produced mainly by 
elastic deformation of the surfaces (unless, of course, the shear 
strength of the adsorbed film is actually equal to zero). Any 
data which the author may obtain on the effeet of variations in 
load, during the course of his program of investigation with the 
present apparatus, should prove most interesting. 

The author has assumed that the minimum points on the saw- 
tooth friction graphs are very nearly equal to the true static- 
friction coefficient. This assumption should be quite correct if, 
as is often the case with good boundary lubricants, the statie- 
friction coefficient is less than the kinetic. If, however, the 
kinetie-friction coefficient is less than the static, as is usually 
the case with poor boundary lubricants, and if the dynamics 
of the system are such that true “stick-slip,” or relaxation oscilla- 
tion, can occur, then it can be seen that the minimum points on 
the saw-tooth will not be equal to the statie coefficients but will 
in facet be less than them by an amount equal to nearly twice the 
difference between the values of the static and kinetie frietion 
coefficients. We believe it should not be difficult to detect the 
existence of this latter condition with the author’s apparatus. 
It should merely be necessary to rotate the torque dial slowly and 
smoothly an appreciable distance while simultaneously observing 
the needle tip through the microscope. If the needle tip does 
not move smoothly while the dial is being rotated but proceeds 
by a series of jerks or “sticks” and “slips,” then it is evident 
that true stick-slip sliding is occurring for the particular lubricant 
under investigation. 

In conclusion, we wish to point out an item in the technique 
used by the author in applying the lubricating film to his speci- 
mens which may possibly influence the chemical purity of the 
material so applied. We notice that the film was spread and 
rubbed down with Kleenex pads. Now, it was found in the 
course of our investigation of friction,’ that if a metal surface 
previously rendered clean enough to be freely wet by water was 
merely wiped once with a fresh Kleenex pad, the surface could 
not then be wet by water, and the friction coefficient of the 
surface so treated would be found to have fallen to about '/jo its 
original value. Evidently the Kleenex tissue contains organic 
material which is readily and strongly adsorbed on a clean sur- 
face. Therefore, there is some question as to whether the 
Kleenex pads used by the author did not dilute or contaminate 
his applied lubricant during the rubbing-down process, resulting 
in a final film of mixed and partially unknown composition. It 
would probably be necessary to use a tissue thoroughly extracted 
with ether and other solvents and tested jor freedom from 
adsorbable materials by the water wetting method just de- 
scribed, to insure against contamination occurring in the rubbing- 
down process. 


S. J. Neeps. The writer was much impressed by the con- 
siderable amount of careful experimental work done by the 
author. However, this work appears to be open to criticism 
because no direct observations were made of the actual slip of the 
slider, The author measured the exaggerated movement of a 
point on the cord through which tangential force was applied 
to move the slider. Movement of the cord is not necessarily the 
same as movement of the slider and, in the absence of direct 
measurement of the latter, relationship between the two move- 
ments should be established. 

The concept of vanishingly small or zero friction is not easily 
understood but the phenomenon does not seem impossible. 


’ “Surface Friction of Clean Metals,” by H. Ernst and M. E, 
Merchant,’ p. 87. 

* Service Manager, Kingsbury Machine Works, Inc., Philadelphia, 
Pa. Mem. A.S.M.E. 
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In a paper! read before this Society several years ago, it was 
shown that when thin films of oil between two optically smooth 
plane steel disks are sheared by relative rotation of the disks, 
the torque required is directly proportional to the rate of shear. 
This relationship held true at all loads available, the greatest 
being 800 psi. As the rate of shear approached zero, the torque 
and friction coefficient also approached zero. This was true, 
however, only when the rate of shear was sufficient to prevent 
the building up of rigidity in the film, due apparently to the in- 
fluence of the steel surfaces. 

The author’s Fig. 8 seems to show an analogous effect. Start- 
ing with a fairly high value, the friction coefficient drops to zero. 
This might be due to removal of film rigidity by movement of 
the slider, as in the tests with the plane surfaces. The zero or 
near-zero friction coefficient persists as long as the film is intact 
and the formation of rigidity is prevented by shear of the film. 
The sharp upturn of the curve, at the right of Fig. 8, is probably 
due to rupture of the film, as suggested by the author. No 
similar rupture was noted in the experiments with the plane disks 
even after continuous shear over periods of 50 hr or longer. 

In Figs. 7 and 8, the author shows several values of friction 
coefficient for the same value of slip. This seems to imply a 
determination of statie-friction coefficient with no slip. Perhaps 
the vertical scales represent force rather than friction coefficient. 
Also, it is not clear how slip was produced with no applied force, 
which seems to be the case in the observations of zero friction 
coefficient in Fig. 8. A more complete description of the experi- 
mental technique would probably explain these interesting 
points. 


AvTHOR’s CLOSURE 


Mr. Merchant raises the very interesting question of the 
possibility that the coefficient of friction may vary with the load. 
If we assume, as seems probable on the experimental evidence, 
that static friction may become vanishingly small in the entire 
absence of minute surface irregularities, we are compelled to 
regard the mechanism of friction as dominantly associated with 
the presence of such irregularities. The slightest movement of 
one surface with respect to the other tends to shear off the tops 
of the closely contacting irregularities on the mating surfaces, 
thus exposing clean material which cannot be recovered by a 
new film of lubricant since this is present only as a strongly 
adsorbed monolayer on contiguous areas. We thus have a 
condition where, possibly, a large number of weak molecular 
bonds are created between very minute clean spots on the 
opposed surfaces. To rupture these bonds requires the applica- 
tion of tangential force, the measure of which we callstatic friction. 

Now, as the load increases so does the number and the size 
of these contacting spots, and so also does the force necessary 
to rupture the bonds formed. In other words, friction increases 
with the load, but whether the increase is linear is not established 
by the argument. 

Experiments are now in progress to determine how friction 
varies with load under conditions of constant area of contact, 
and, conversely, how friction varies with contact area under 
conditions of constant load. 

Mr. Merchant questions the justification for the assumption 
that the minimum points on the saw-tooth graph are only slightly 
below the true values of the static coefficient, intimating that 
the assumption would not hold with highly active lubricants 
exhibiting a static coefficient of lower value than the kinetic. 
The author agrees, with reservations. As was pointed out when 
the paper was presented, if the tangential force is applied with 
much smaller increments the upper and lower points are much 


10 ‘Boundary Film Investigations,’’ by S. J. Needs, Trans 
A.S.M.E., vol. 62, 1940, pp. 331-345. 
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closer together, supporting the assumption that no serious error 
is introduced by accepting the values of the lower points. 

With regard to phenomena analogous to “‘stick-slip,” it has 
occasionally been observed, particularly with lubricants of the 
less active type, that the image of the needle tip attains its 
maximum displacement by a series of small jerks, suggestive of 
a series of ruptures and formations of molecular bonds. The 
author agrees that the technique of the Kleenex rubdown of 
the film on the glass surfaces is not ideal but believes the possi- 
bility of contamination is largely nullified by the prior presence 
of a strongly adsorbed layer on the clean and active surface. 
This view is justified by the fact that the friction graphs cor- 
relate with known structural differences between the lubricants 
tested. 

Mr. Needs mentions that no direct measurements of actual 
slip appear to have been made. As a matter of fact, this was 
done, although not reported in the paper. A second microscope 


was focused on a glass index rigidly attached to the suspended 
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member of the assembly and lying in the plane of slip. It was 
found that the actual slip agreed with the slip as determined 
by the movement of the vertical needle. 

The author agrees that the graphs, Figs. 7 and 8, appear to 
show several values of the coefficient for the same slip. A 
vertical element of a graph means that no further slip has been 
caused by several successive increments in the applied force. 
The points plotted on the vertical are not, as Mr. Needs points 
out, values of the static coefficient. They are merely values 
computed in the same manner. The real meaning of a point 
on a vertical element of a coefficient-of-friction graph is that 
static friction at the corresponding point of the rubbing track 
exceeds the force which has so far been applied. 

In Fig. 8, it would appear from the graph that slip was caused 
without the application of tangential force. This is not, how- 
ever, the case. It is to be remembered that the plotted points 
are the minimum values of asaw-tooth graph, the upper points of 
which are not shown. 
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Effects of Continued Heating on Mechanical 
Properties of Molded Phenolic Plastics 


By T. S. CARSWELL,' D. TELFAIR,? ann R. U. HASLANGER? 


The results of previous investigations have indicated the 
influence of temperature on the mechanical properties of 
molded phenolic compositions, which data are essential if 
these plastic materials are to be selected properly and de- 
signed for structural applications where elevated tempera- 
tures are involved either intermittently or continuously. 
To supplement these data the authors undertook research 
work to determine the change of impact and flexural 
strengths with prolonged heating up to 500 hr at tempera- 
tures of from 110 to 225 C for six molded phenol-formalde- 
hyde plastics. The compositions studied, the method of 
testing, and the results in the form of tables and curves, 
constitute the subject matter of the present paper. 


ATA on the serviceability of molded phenolic composi- 
tions at elevated temperatures over long periods of 
time are important, if these plastic materials are to be 

There 

are numerous uses for phenolies which require that they with- 

stand operating temperatures up to 80 to 90 © (172 to 194 F) 

cither intermittently or continuously. 


properly selected and designed for structural applications. 


Some investigations have been made to determine the influence 
of temperature on mechanical properties of phenolics by testing 
at a range of temperatures (1, 2, 3, 4, 5, 6, 7).4 This previous 
work has indicated, for phenolic materials conditioned only long 
enough to bring them to the temperature of testing that. 

1 Tensile and flexural strengths decrease gradually over the 
temperature range, asbesto -filled material showing less de- 
terioration than organic-filled or pure resin. 

2 Impact strengths of organic-filled materials show an in- 
crease or remain constant up to 140 to 160 C (285 to 320 F) and 
then fall off sharply, while the pure resin and asbestos-filled 
compositions remain practically unchanged even at 240 C (465 F) 
(1). 

Azam (8) has reported on the effeet of prolonged heating on 
the impact strength of phenolic laminated muslin and _ glass 
fabric at 150 © (300 F). Houwink (9) cites similar work by 
Nitsche and Salewski (10) on a number of phenolic materials. 
Delmonte (11) described the effect of continued heating at 200, 
300, and 400 F on the impact strength of some laminated phe- 
nohes, 


STRENGTH OF MoLpED PHENOL-FORMALDEHYDE PLASTICS 


To supplement these data research work was undertaken to 
determine the change of impact and flexural strengths with 
' Director of Research, Plastics Division, Monsanto Chemical 
Company, Springfield, Mass. 

* Research Physicist, Plastics Division, Monsanto Chemical Com- 
pany, Springfield, Mass. 

* Research Chemist, Plastics Division, Monsanto Chemical Com- 
pany, Springfield, Mass. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Group of the Process 
Industries Division and presented at the Annual Meeting, New York, 
N. Y., Nov. 30-Dec. 4, 1942, of THe AMERICAN Society oF MeE- 
CHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


prolonged heating, up to 500 hr, at temperatures of from 110 to 
225 C (230 to 437 F) for a number of molded phenol-formaldehyde 
plastics. Creep properties are also being studied over a range 
of temperatures and will be reported at a later date. 

Six different phenolic molding compositions were studied. 
Three materials containing organic fillers, wood flour, macerated 
fabric, and cotton cord, and representing three grades of impact 
These were composed of approxi- 
mately 50 per cent filler and 50 per cent resin. Two inorganic- 
filled compositions were evaluated. One contained 50 per cent 
asbestos fiber and 50 per cent resin, and the other contained 60 
An unfilled pure phenolic 


strength, were evaluated. 


per cent mica and 40 per cent resin. 
resin was also included in the study. 

The two high-impact-grade materials, containing macerated 
fabrie and cord fillers, were prepared by blending the resin and 
filler in a wet-mix process to assure a uniform mixture and to 
obtain optimum strengths. The remainder of the materials were 
processed on a set of differential rolls in the manner customary for 
the preparation of phenolic molding compositions. All six 
materials were from standard plant production and are typical 
of the classes which they represent. 

Impact and flexural test specimens, '/2-in. X 1/2-in. X 5-in. 
bars, of the impact-grade materials were molded in a single-bar 
mold according to A.S.T.M. “Tentative Specifications for Molds 
for Test Specimens of Moldings Materials Used for Electrical 
Insulation” (D647-41T).5 The other four materials were 
molded in a 5-bar gang mold as specified in A.S.T.M. Specifica- 
tion D647-41T. 

Impact data were obtained on a Baldwin-Southwark pendulum- 
type impact tester having a capacity of 4.0 ft-lb. Tests were 
run according to the A.S.T.M. “Tentative Methods of Test for 
Impact Resistance of Plastics and Electrical Insulating Ma- 
terials’? (D256-41T)® using the notched Izod method in which 
the stress is applied perpendicular to the molding pressure. 

Flexural data were obtained on a Tinius Olsen universal tester, 
a screw-type machine with a constant rate of crosshead motion 
(0.05 in. per min) and 10,000 Ib range. Flexural tests were run 
according to the procedure outlined in A.S.T.M. ‘Tentative 
Method of Test for Flexural Strength of Electrical Insulating 
Materials” (D650-41T).? 

Specimens to be tested at 25 C (77 F) were conditioned, 
according to A.S.T.M. “Tentative Methods of Preconditioning 
Plastics and Electrical Insulating Materials for Testing” 
(D618-41T),* for 48 hr at 50 C + 3 C (122 + 5.4 F) 2nd placed in 
a desiccator after removal from the oven. Other specimens upon 
which the effect of heating was to be studied were heated in a 
circulating oven held to within + 5 C of the desired temperature. 
Specimens were baked for 2, 6, 18, 54, 162, and 500 hr at tempera- 
tures of 110 C (230 F), 140 C (284 F), 170 C (338 F), 200 C 
(392 F), and 225 C (437 F). After the desired baking time the 
specimens were cooled to 25 C (77 F) in a desiccator and tested. 

The impact values reported represent the average of from 10 
to 20 individual observations, while the flexural-strength values 


5 1941 Supplement to A.S.T.M. Standards, Part III, pp. 317-319. 
6 Ibid., pp. 339-344. 

7 Ibid., pp. 336-338. 

8Ibid., p. 320. 
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are the average of from 5 to 10 individual results. 
panying tables include the limits within which the observed 
value may be expected to lie 9 times in 10, limits of uncertainty, 
calculated according to the methods outlined in the A.S.T.M. 
‘Manual on the Presentation of Data.’’® 


REsvU_Lts OF IMPACT- AND FLEXURAL-STRENGTH TESTS 


Tables 1, 2, 3, 4, and 5 present the impact data, and Tables 
6, 7, 8, 9, and 10 present the flexural data gathered at the various 
times and temperatures. 
illustrate the change of impact and flexural strength with con- 
ditioning time at a given temperature. 
evaluations at the higher temperatures were not made, because 
it was obvious that the material had already reached a limit 
of serviceability at a lower temperature. 
stand up well at 110 C (230 F). 
appreciable loss in either impact or flexural strength, except in 
the case of the pure resin, which exhibits a loss in flexural strength 


Pure phenolic 
resin 


0.220 + 0.01 


0.213 + 0.010 
0.226 + 0.010 
0.205 + 0.007 


Pure phenolic 
resin 
0.220 + 0.010 
0.254 + 0.018 
0.222 = 0.010 
0.202 + 0.009 
0.215 + 0.025 
0.205 + 0.066 


Pure phenolic 
resin 


0.220 + 0.010 


0.195 + 0.009 
0.202 + 0.004 
0.193 + 0.005 


Pure phenolic 
resin 
0.220 = 0.010 
0.200 + 0.005 
0.202 + 0.013 
0.200 = 0.006 


Pure phenolic 
resin 
0.220 + 0.010 
0.184 + 0.005 


of about 20 per cent. 


The materials show only a slight tendency 
to blister or distort during conditioning. 
§ Issued as a separate publication of the A.S.T.M. 
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TABLE 1 IMPACT-STRENGTH DATA AT 110 C 
(Foot-pounds per inch of notch) 

Wood-flour- 
filled Fabric-filled Cord-filled Mica-filled 
phenolic phenolic phenolic phenolic 
0.280 + 0.02 2.86 + 0.27 
0.257 + 0.014 2.68 = 0.18 
0.263 0.015 2.64 = 0.16 
0.270 + 0.013 2.67 +0.21 
0.271 0.020 2.57 
0.260 + 0.011 2.22 


TABLE 2 IMPACT-STRENGTH DATA AT 140 C 
(Foot-pounds per inch of notch) 


Wood-flour- 


filled Fabric-filled Cord-filled Mica-filled 

phenolic phenolic phenolic phenolic 
0.280 0.020 2.86 + 0.27 5.90 + 0.28 0.316 + 0.007 
0.268 + 0.021 2.69 + 0.13 5.88 + 0.20 0.315 + 0.006 
0.249 + 0.015 2.60 = 0.17 5.65 = 0.34 0.328 = 0.008 
0.264 + 0.018 2.57 + 0.19 5.49 = 0.26 0.303 + 0.011 
0.290 + 0.019 2.31 =0.15 5.66 + 0.53 0.310 = 0.015 
0.274 + 0.013 2.16 =0.12 4.77 0.11 0.286 + 0.014 
TABLE 3 IMPACT-STRENGTH DATA AT 170 C 


(Foot-pounds per inch of notch) 
Wood-flour- 


filled Fabric-filled Cord-filled Mica-filled 

phenolic phenolic phenolic phenolic 
0.280 =0.020 2.86 + 0.27 5.90 = 0.28 0.316 = 0.007 
0.258 = 0.019 2.58 = 0.15 6.26 + 0.11 0.330 = 0.013 
0.274 =0.010 2.29 0.10 5.50 = 0.30 0.322 = 0.016 
0.259 =0.014 2.20 =0.10 4.30 + 0.42 0.316 = 0.016 
0.238 = 0.019 1.81 + 0.06 3.24 + 0.30 0.326 + 0.016 
0.231 0.017 1.37 =0.210 0.65 = 0.08 0.298 + 0.013 


TABLE 4 IMPACT-STRENGTH DATA AT 200 C 


(Foot-pounds per inch of notch) 


Wood-flour- 
filled Fabric-filled Cord-filled Mica-filled 
phenolic phenolic phenolic phenolic 
0.280 0.020 2.86 + 0.27 5.90 = 0.28 0.316 + 0.007 
O.280 5.10 = 0.600 0.320 + 0.020 
0.260 =0.020 4.30 + 0.500 0.320 0.010 
0.91 0.090 0.340 = 0.020 
0.29 0.020 0.310 * 0.010 


TABLE 5 IMPACT-STRENGTH DATA AT 250 C 


(Foot-pounds per inch of notch) 


W ood-flour- 
filled Fabric—filled 
phenolic 


Cord-filled 
phenolic 


Mica-filled 

phenolic 
0.316 + 0.007 
0.295 = 0.014 

0.283 + 0.007 
0 
0 
0 


phenolic 


.282 + 0.010 
.297 = 0.012 
.281 = 0.010 
0,253 + 0.006 


The accom- 


The curves presented in Figs. 1 and 2 
In some instances, 
materials. 


All of the materials 
Even after 500 hr there is no 


Asbestos- 
fillec 
phenolic 


Asbestos- 
filled 
phenolic 


.280 + 0.010 
.262 + 0.013 
.271 0.007 
0.283 + 0.009 
0.275 = 0.022 


0.300 + 0.010 


ooo 


Asbestos- 
filled 
phenolic 
.280 = 0.016 
294 0.013 
.293 = 0.010 
.312 = 0.009 
.338 = 0.007 
= 0.008 


co 


Asbestos- 
filled 
phenolic 


0.010 
357 + 0.080 


wo 
= 


Asbestos- 
filled 

phenolic 
.280 = 0.010 
.279 + 0.010 
.299 + 0.007 
.288 = 0.007 
0.277 = 0.017 
0.296 * 0.008 
0.273 + 0.005 


will withstand temperatures 
tively short period of time 
bestos and mica-filled compositions show no appreciable loss 
in strength at temperatures below 200 to 220 C (392 to 428 F). 

Table 11 lists the six thaterials tested, together with the 
approximate limiting temperatures. 
taken as the temperatures at which a 10 per cent reduction in 
strength occurs after 162 hr of heating. 
that the filler plays a major part in determining the limits of 
serviceability. The organic fillers show a definite deterioration, 
as exhibited both by a lowering of the strength characteristics 
and by a visual disintegration of the molded specimen, at much 
lower temperatures than do the inorganic- or mineral-filled 
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At 140 C (284 F) a loss in im- 
pact strength is apparent in the 
fabric-filled material after 54 hr 
and in the cord-filled after 162 
hr. The flexural strength of the 
cord-filled specimens falls off 
gradually after 6 hr at 140 C 
(284 F) but after 162 hr has de- 
creased by only 16 per cent 
from the original value. The 
strengths of the pure resin, as 
well as of the materials contain- 
ing wood-flour, mica, and asbes- 
tos fillers are unaffected even 
after 162 hr at 140 C (284 F). 

The wood-flour-filled and pure 
resin specimens begin to show 
a gradual loss in impact strength 
after 6 to 18 hr at 170 C (338 F) 
while the flexural strength of the 
pure resin and of the fabric- 
filled specimens shows a drop 
after 6 hr. 

The mica-filled product begins 
to show a slight loss in both 
impact and flexural strength at 
225 C (487 F), but the asbestos- 
filled material stands up well 
even after 500 hr at this tempera- 
ture. There is a tendency for 
these materials to blister at this 
temperature during heating, in- 
dicating a deterioration of the 
filler, as well as of the resin. 

Figs. 3, 4, 5, and 6 are pre- 
sented to show the effect on im- 
pact and flexural strengths of 
heating at several temperatures 
for 162 hr. From these curves 
it may be seen that the organic- 
filled materials remain practi- 
cally unchanged up to 139 to 140 
C (266 to 248 F), at which point 
the strengths fall off rapidly. 
In some instances the materials 

up to 170 C (838 F) for a rela- 
before breaking down. The as- 


The latter are arbitrarily 


It is quite obvious 


The limits for the organic-filled compositions are only slightly 
below those previously reported by the authors (1) for short- 
timie temperature effects. On the other hand, they are well 
above the limits established by the Army and Navy for molded 
parts for military applications, which require that the piece be 
serviceable at temperatures up to 70 C (160 F). 
can in fact be used in structural applications where heat from 


The materials 


IMPACT STRENGTH, Pounds | INCH OF NOTCH 


|_| 
hr 
2 0.230 + 0.016 
6 0.236 + 0.018 
18 0.201 + 0.007 
54 
162 
Time, 
hr 
0 
3 
6 
18 
54 
162 
hr 
008 
2 0.210 + 0.008 
6 + 
18 
54 
162 
Time, 
hr 
0 
2 
6 
18 
162 
hr 
18 0.185 = 0.005 
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engines and sources other than- normal atmospheric conditions 
will elevate the temperature up to the limits reported. 

The limits on the mica-filled, and especially the asbestos- 
filled, materials at 200 to 220 C (392 to 428 F) are sufficiently 
high to indicate their use for numerous applications where very 
high temperatures are likely to prevail for extended times. 
While the impact strengths of these products are such that they 
may be considered only as semistructural materials, they can 
be used where resistance to elevated temperatures is the pre- 
vailing factor. 
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In work of an empirical nature, such as is discussed here, it 
must be remembered that the results obtained are based on 
standard A.S.T.M. methods, and the actual numerical values 
serve principally as a comparative basis for evaluating specific 
mechanical properties. 

Such other factors as molding conditions, form factors, com- 
bined stresses in application, and many others have a marked 
influence on the serviceability of the molded article. The final 


evaluation must therefore be based on actual service tests 
of the finished product. 


| 
| 
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TABLE 6 FLEXURAL-STRENGTH DATA AT 110 C 


(Pounds per square inch) 


W ood-flour- Asbestos- 
Time, Pure phenolic filled Fabric-filled Cord-filled Mica-filled filled 

hr resin phenolic phenolic phenolic phenolic phenolie 
0 13600 + 500 9790 + 370 13200 + 830 13050 + 710 
2 13000 + 1550 9290 + 390 12900 + 270 12200 + 900 
6 13900 + 2040 9780 + 390 12700 = 1010) 12800 + 650 
18 13000 + 1070 9390 + 240 12200 + 820 12700 + 720 
54 13300 + 1210 9880 + 640 12900 + 810 12300 + 700 
162 13500 + 1850 9780 * 420 12800 + 1060) 12600 * 820 
500 10800 + 2800 10900 + 470 13400 * 540 12900 + 750 


TABLE 


7 FLEXURAL-STRENGTH DATA AT 140 C 


(Pounds per square inch) 


W ood-flour- Asbestos- 
Time, Pure phenolic filled Fabric-filled Cord-tilled Mica-filled filled 

hr resin phenolic phenolic phenolic phenolic phenolic 
0 13600 + 500 9790 + 370 13200 + 830 13000 + 710 12200 + 720 6960 * 330 
2 13400 + 850 10500 + 410 12500 + 870 12600 + 760 10900 + 560 7320 + 600 
6 12900 + 940 10100 + 460 12500 + 750 11000 + 680 11100 * 500 7260 + 600 
18 13800 + 1030 10600 + 230 12400 + 840 11500 + 860 10900 + 370 7450 * 780 
54 12830 + 1230 10400 + 400 12700 + 770 10400 + 1070 10800 + 410 8870 + 380 
162 12810 + 1120 11000 + 320 13700 + 700 10900 ® 360 11400 * 550 9330 * 710 

TABLE 8 FLEXURAL-STRENGTH DATA AT 170 C 
(Pounds per square inch) 
W ood-flour Asbestos- 
Time, Pure phenolic filled Fabric-filled Cord-filled Mica-tilled filled 

hr resin phenolic phenolic phenolic phenolic phenolic 
0 13600 + 500 9790 + 370 13200 + 830 13000 + 710 12200 + 720 6960 * 330 
2 12900 + 800 10000 + 490 12600 + 750 10800 + 840 10600 + 530 7690 * 530 
6 12000 + 880 10400 + 550 12200 + 790 9790 * 620 10700 + 560 8200 + 430 
18 11900 + 980 10800 + 130 11100 + 600 9260 * 350 10600 * 700 9190 & 280 
54 10800 + 490 10200 + 400 11200 + 840 8110 + 730 10800 + 640 9350 * 300 
162 9470 + 440 9610 + 270 11050 + 670 4580 + 400 10900 + 420 9780 + 370 


TABLE 9 


FLEXURAL-STRENGTH DATA AT 200 C 


(Pounds per square inch) 


W ood-flour- Asbestos- 
Time, Pure phenolic filled Fabric-filled Cord-filled Mica-tilled filled 

hr resin phenolic phenolic phenolic phenolic phenolic 
0 13600 + 500 9790 + 370 ere 13000 + 710 12200 + 720 6960 + 330 
2 11300 + 1000 10400 + 350 ; 10000 + 670 10200 + 450 9230 + 390 
6 11900 + 940 10400 + 490 sets ; 9210 * 730 10500 + 310 8700 * 600 
18 9060 + 540 9600 + 430 ‘ 8440 * 700 10300 + 730 9130 * 450 
8620 + 340 5130 160 10100 * 770 9200 * 430 
162 8680 + 980 Ech f 3280 + 230 10800 + 700 9100 * 210 


TABLE 


10 FLEXURAL-STRENGTH DATA AT 250 C 


(Pounds per square inch) 


W ood-flour- Asbestos- 
Time, Pure phenolic filled Fabric-filled Cord-filled Mica-filled filled 

hr resin phenolic phenolic phenolic phenolic phenolic 
0 13600 + 500 Vota) eee 12200 + 720 6960 + 330 
2 10300 + 720 : 9740 + 280 8310 + 540 
6 S630 =O40 9560 580 9590 580 
18 7620 + 530 Hs 10500 * 420 9740 * 500 
54 10400 + 500 10800 + 900 8590 + 710 
162 5830 + 2470 Y880 + 840 7980 + 440 
500 5880 + 1850 10100 + 710 5440 * 420 


TABLE 11 APPROXIMATE LIMITING TEMPE 


BASIS OF 10 PER CENT REDUCTION IN STRENG 
HR OF HEATING 


-———Flexure 


Deg C Dee terials,"’ by R. Nitsche and E. Salewski, Kunststoffe, vol. 29, 1939, pp. 
Pure resin.............. 140 284 140 284 209-220. 
Wood-flour-filled ........ 170 338 150 302 4 ‘Mechanical Properties of Plastic Materials at Normal and 
Subnormal Temperatures,” by. T. T. Oberg, R. T. Schwartz, and D. A. 
Mick... abo 392 200 392 Shinn, Air Corps Technical Report No. 4648, June 6, 1941. 
Asbestos-filled.......... 220 428 220 428 5 “Effect of Heat on Phenolic Laminates,’ by 3. 
Modern Plastics, vol. 18, Sept., 1940, pp. 59-62. 
6 “The Thermoplastic Behavior of Linear and Three-Dimen- 
ACKNOWLEDGMENT sional Polymers,”’ by 8. 8. Kistler, Journal of Applied Physics, vol. 
; 11, 1940, pp. 769-778. 
The authors are indebted to R. A. Klucken who conducted 7 “Physical Effect of Temperature on Tensile Strength of Texo- 


the laboratory tests upon which the data and discussions pre- 


sented are based. 
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lite,” by P. M. Kozlov, Trudy Sessii Akad. Nauk. Org. Khim., 1939, 


In 1937 a textile-drying research project was initiated by 
the United States Institute for Textile Research and sup- 
ported by the textile industry, for the purpose of evaluating 
the effects of temperature and humidity on the physical 
and chemical properties of important textile fibers. The 
present paper gives a comprehensive report of the results 
obtained and points out the basis upon which the industry 
must proceed in problems relating to textile drying. In 
all cases, consideration should be given to the theories 
relating to the form in which the moisture is distributed 
within the fiber structure and to data of the type discussed 
by the author. 


DrYING-RESEARCH OBJECTIVES 


Hk first objective of the textile-drying project by the 

United States Institute for Textile Research was the 

determination of the amounts of moisture retained by 
important textile fibers when brought to equilibrium at a series 
of temperatures in the range between 37.8 C (100 F) and 150 C 
(302 F), with a sufficient number of humidities at each tempera- 
ture to characterize the shape of the moisture content-relative 
humidity relation. This information provides basis for 
determining the limiting moisture contents for textile fibers 
which may be approached in any specified industrial drying 
process under definite atmospheric conditions, 

Effects of Heat and Humidity on Physical Properties of Textiles. 
Another phase of this research was the investigation of the 
effects of humidity on these fibers when maintained for different 
periods of time under various humidity conditions at elevated 
temperatures. A somewhat unexpected result came from this 
work, of undoubted value to industry. It was found that when 
a textile is exposed to a temperature between 200 and 300 F 
for several hours and, at the same time, is in contact with a 
high relative humidity, the fiber is damaged more than if the 
humidity is lower. Also, the moisture regain after being dried 
under such conditions is always less than if the material is 
dried at such temperatures, but in contact with a lower humidity. 
The extent of the damage appears to be a function of the hu- 
midity of the heated air, temperature, and time of exposure. 

Effects of Finishing and Scouring Agents on Moisture Relations 
of Textiles. A third objective of this research was the deter- 
mination of the effects of some of the commonly used sizing and 
scouring agents on the moisture regain of the fibers when exposed 
to commercial-drying temperatures and at several humidities. 

Package Textile Drying. The final objective was a study of 
some of the limiting conditions of temperature and air flow 
Which may be important in the package drying of cotton, the 
investigation of the effectiveness of a closed air-circulating sys- 
tem during drying, as compared with an open system, and the 
demonstration that the moisture content of a textile may be 
brought to a predetermined uniform value from the wet state 


‘ Member of the Technical Staff, Bell Telephone Laboratories, Inc., 
and Chairman of Administrative Committee for Drying Research, 
United States Institute for Textile Research. 

Contributed by the Textile Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 30—Dec. 4, 1942, of Toe AMERICAN 
Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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by conditioning the drying air in accordance with information 
available from the moisture-relations study. 

The results of these studies have now been published with 
the exception of the data on package-drying and a thermo- 
dynamic treatment of the moisture-relations data. Based upon 
the evidence secured from this project, it is now possible to form 
some practical estimates of limiting conditions of temperature, 
humidity, and time of exposure in order to dry textiles with a 
minimum of damage. In some cases it has been found that 
textiles may be dried at higher temperatures than had been 
previously considered safe. 


Discussion oF Data 


Figs. 1 to 4 show curves representing the data secured on four 
of the ten different fibers in the moisture-relations study at ele- 
vated temperatures.2. It will be noted that these data are 
somewhat incomplete, particularly at the lower humidities and 
temperatures. With the aid of certain derived functions, con- 
veniently linear over limited but practically important ranges, 
and with some application of thermodynamic theory, it is 
possible to extend these data in the missing ranges, to correct 
some obvious experimental errors and to provide commercially 
useful charts for expressing the relations between humidity, 
temperature, and moisture content. 

This treatment of the moisture-content data involved a 
large amount of work correlating the several factors studied 
for the ten fibers. Some illustrations are given here of the methods 
employed so that interested industrial laboratories may be 
able to extend advantageously the use of the published material. 

Fig. 5 illustrates the relation between vapor pressure and the 
reciprocal of the absolute temperature (1/7) in degrees: C. 
The vapor pressures correspond to relative-humidity values 
taken at unit moisture contents from 1 per cent to 5 per cent 
for the purified-cotton curve of Fig. 1. This is considered to 
include all moisture contents likely to be left in textiles after 
being satisfactorily dried at elevated temperatures. The 
experimental points fit straight lines or two intersecting straight 
lines of very nearly the same slope up to temperatures as high 
as 150 C (1/7 = 0.00236). This chart, therefore, is of value 
in interpolating desired intermediate temperature and vapor- 
pressure points at unit moisture contents and to a limited 
extent may be useful in extrapolation. On this chart is included 
International Critical Table data on pure water vapor. It will 
be seen that the slopes of the experimental curves for vapor 
pressure of water in equilibrium with cotton yarn tend to ap- 
proach tha’ for pure water at the higher moisture contents, 
consistent with thermodynamic considerations. 

Fig. 6 shows the logarithmic relation between the percentage 
relative humidity and the percentage moisture content for soda- 
boiled cotton, between the limits of 5 per cent and 50 per cent 
relative humidity for each 10-deg C interval between 10 and 
110 C. In this range the logarithmic function of the moisture 
relation, shown in Figs. 1 to 4, is conveniently expressed as 
two intersecting straight lines for each constant temperature, 
the point of intersection being taken at about 20 per cent relative 
humidity. This set of curves, considered as perhaps the best 
experimental evidence available on the temperature effect of 

2“*Moisture Relations of Textile Fibers and Elevated Tempera- 


tures,’’ by J. G. Wiegerink, U. S. Bureau of Standards, Journal of 
Research, vol. 24, 1940, pp. 645-664. 
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moisture adsorption in a textile, was prepared from the data 
of Urquhart and Williams.* Since these straight lines ad- 
equately describe the experimental data of these workers 
within reasonable practical limits, it is considered that similar 
plots for each of the ten fibers studied by Wiegerink may be 
used with confidence to extend the experimental data to lower 
moisture contents at lower temperatures, and to correct some 
obvious experimental errors. 


3 “Moisture Relations of Cotton,” by A. R. Urquhart and A. M. 
Williams, Journal of the Textile Institute, vol. 15, 1924, pp. T559-572. 
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Two other interesting relations may be derived from these 
data. Fig. 7 is a plot of the log percentage relative humidity 
versus 1/T for the purified-cotton data by Wiegerink, at unit 
moisture contents. Similar curves for soda-boiled cotton’ are 
included for comparison. It can be shown that the slopes of 
these curves bear a definite thermodynamic relation to the 
corresponding slopes of Fig. 5, for a given textile. 

Fig. 8 illustrates the relation between the log percentage 
moisture content versus 1/7’ for selected percentage relative 
humidities between 5 per cent and 50 per cent. Similar charts 
for the soda-boiled data are included for comparison. It will 
be observed that up to about 100 C (212 F) the curves for cor 
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responding relative humidities for the two kinds of cotton, and 
the data by different observers, have approximately the same 
slopes. 

This set of four charts, Figs. 5 to 8, inclusive, thus represents 
Several methods of expressing the moisture relations of textiles 
as a series of straight or intersecting lines for each condition. 
Sufficiently accurate linear functions may be derived from these 
charts for most industrial purposes. Their thermodynamic 
significance is beyond the scope of this paper, but it might be 
mentioned that only the mean values of adsorption and de- 
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sorption were used in preparing these charts. This avoids 
certain difficulties which may be involved in such treatment, 
particularly that pertaining to the hysteresis effect in the sorption‘ 
of moisture by textiles. 


Hysteresis Errects 


Certain aspects of the hysteresis effects may be discussed to 
advantage in connection with the drying of textiles. The 
well-known hysteresis effect in the moisture regain exhibited 
by fibrous materials is illustrated in Fig. 9, for cotton. This 
chart shows that cotton always retains more moisture when 


4 Adsorption is here defined as the taking up of water by a textile, 
desorption as the giving up of water, and sorption as the general 
process without special indication of direction. 
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brought to any equilibrium atmospheric humidity from the 
wet state than from the dry. There is a corresponding hysteresis 
in the relation between insulation resistance and relative hu- 
midity, also shown in Fig. 9. This relation demonstrates the 
critical dependency of electrical insulation resistance upon 
moisture in such fibers, and upon the direction of approach 
to equilibrium. 

Another type of hysteresis is shown in Fig. 10, which il- 
lustrates the influence of “previous history’? on the moisture 
relations. It is not so well known and is less well understood 
than the first type of hysteresis illustrated in Fig. 9, but it: is 
important in relation to textile drying. Fig. 10 is a chart of 
the log percentage moisture content versus the log of electrical- 
insulation resistance. The upper curve on this chart was ob- 
tained by drying the cotton at a high temperature, above 100 © 
(212 F), directly from the wet state. The lower curve was ob- 
tained after subsequently exposing this cotton to a high hu- 
midity, near saturation. There are at least two different insu- 
lation-resistance values for the same moisture content. A still 
lower curve may be obtained by drying the material from the 
wet state at room temperature instead of at an elevated tempera- 
ture. 

This behavior suggests that even if cotton is brought to the 
same atmospheric-test condition from the same direction to 
avoid the well-known hysteresis effect, Fig. 9, different samples 
may still have different moisture contents, and therefore dif- 
ferent properties such as, for example, the electrical-insulating 
quality. Such differences are dependent upon the previous 
history of the material, particularly the manner in which it is 
dried. These differences may amount to as much as 1 per cent 
in moisture content. Indeed in some cases where the previous 
history might be assumed to be the same, differences may occur. 
For example, consider the data in Table 1. 


TABLE 1 MOISTURE CONTENT OF TEST SAMPLES 
Moisture contents, per cent———. 
87.5 Per cent 84.3 Per cent 
relative humidity relative humidity 


Sample no. 


1 10.95 10.1 
2 10.8 10.¢ 
3 10.7 9.9 
4 10.8 9.8 
5 | 10.2 
6 11.0 9.9 
7 11.8 10.8 
8 10.7 10.1 
9 10.85 9.8 
10 11.0 10.0 
11 10.7 { 


In this test, 11 samples of cotton were removed successively 
from the same package of yarn, which had initially been dried from 
the wet state at 110 C. Before testing, the samples were 
redried from atmospheric conditions in a current of dry air at 
room temperature and equilibrated under carefully controlled 
conditions at 87.5 per cent relative humidity at 100 F, giving 
the data in the second column of Table 1. Again they were 
dried at room temperature and several days later were equill- 
brated at 84.3 per cent relative humidity at 100 F. Small, 
but definite differences are to be seen in the moisture contents 
of these samples, persisting even between the two tests. Sample 
No. 7 preserved a marked difference in moisture content. That 
it adsorbed nearly 1 per cent more moisture than the others 
suggests that this portion of yarn may have been incompletely 
dried initially in the oven. 

Since a difference of but 0.1 per cent moisture content may 
cause a differencé of as much as 25 per cent in electrical-in- 
sulation resistance, these data are considered significant in the 
testing of textiles used for insulating purposes. It is clear that 
electrical measurements constitute a sensitive tool for investi- 
gating the moisture relations of textiles, but in this connection 
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it should be emphasized that one essential is very close control 
of atmospheric humidity during such tests.° 

Because of these peculiarities in the behavior of cotton, dried 
under different conditions, it was considered worth while to study 
the combined effects of heat and moisture on this and other 
textiles in the drying-research project. By limiting the ex- 
periments to yarns made from the common fibers, freed from the 
natural nonfibrous materials which would be removed from 
them during manufacture, it was possible to obtain data which 
are considered basic to all types of textile drying. 


CoMBINED Errects oF Herat Humipiry oN TEXTILES 
DurinG Dryina 


In _ phase of the research, three temperatures were used, 
221, 257, and 302 F, and three humidities were supplied at each 
temperature. At 221 F the humidities were 1 per cent, 48 per 
cent and 79 per cent, of saturation; at 257 F, they were 0.5 
per cent, 24 per cent, and 42 per cent; and at 302 F, they were 0.2 
per cent, 12 per cent, and 20 per cent. At this highest tempera- 
ture, a humidity much above 20 per cent was not possible 
without using a pressure system. Times of exposure were 
upto6hr. Fig. 11 is a summary of some of the more important 
experimental results of this investigation. The quality-index 
funetion used in these plots is a combined product of the tensile 
strength and elongation percentages retained after each heat- 
treatment. Other properties, e.g., fluidity of solutions of the 
textiles in suitable solvents, and alterations in the dyeing proper- 


“Purified Textile Insulation for Telephone Central Office Wir- 
ing,’ H. H. Glenn and E. B. Wood, Trans. A.I.E.E., vol. 48, 1929, 
pp. 576-581. 
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ties, both sensitive indications of heat degradation, are reported 
in the original paper.® 

Heat has a greater effect on the quality indexes of rayons than 
on those of the other fibers, except possibly purified cotton. High 
humidity at any temperature is more harmful than a low hu- 
midity, this being particularly true for purified cotton and 
cuprammonium rayon. The natural wax on raw cotton appears 
to be a definite protection against both heat and humidity. 
Carpet wool shows the degrading effect of humidity somewhat 
more than clothing wool, as does mercerized cotton and acetate 
rayon. The data on acetate rayon are particularly interesting 
in this connection. The breaking strength of this fiber de- 
creases appreciably only at the lowest temperature, 221 F, 
conjunction with the high humidity of 79 per cent. Its elonga- 
tion at the different temperatures decreases progressively with 
humidity in a more or less regular manner. Therefore, it is not 
surprising that the quality index, a product of tensile strength 
and elongation factors, is lowest at the lowest temperature and 
highest humidity. This condition would be most favorable 
for hydrolysis of the fiber, since it is more difficult for moisture 
to evaporate from the yarn during drying. One of the wool 
samples showed this same effect. Degummed silk appears to 
be affected by moist heat in much the same way as _ purified 
cotton, except at the highest temperature, where the humidity 
effect is relatively negligible. 

All of the textiles dried as noted in Fig. 11 failed to regain 
the amount of moisture held originally. Yarns heated at high 
humidity regained less moisture than those heated at low hu- 
midity, with the exception of the acetate rayon. The moisture 
content of this fiber, on conditioning after heating, showed little 
effect of humidity, but the heat effect was important. For 
example, acetate heated at 302 F for 6 hr had a moisture content 
of but 5.3 per cent on conditioning at 65 per cent relative hu- 
midity at 70 F, as compared with 7.3 per cent before heating. 

This humidity effect during drying is of significance in con- 
nection with the electrical as well as the physical properties of 
textiles. Rapid drying from the wet state under low ambient 
humidity conditions should give a material of a relatively high 
moisture-regain capacity, whereas slow drying under poorly 
ventilated conditions favors hydrolysis and, as seen by these 
experimental data, results in a low moisture-regain capacity. 
Such a low moisture content would be favorable to high electrical- 
insulation resistance under any given atmospheric condition 
but at the same time would be unfavorable to the strength of 
the material. Thus, different drying conditions will give textiles 
of different properties, and this common denominator of all 
textile processing should be studied carefully with regard to the 
properties most desired in the finishing product. 


FINISHING AND ScoURING AGENTS 


One or two important points may be mentioned in connection 
with the study of the effect of chemical and sizing agents on the 
moisture relations of textiles after drying. Wool treated with 
0.5 per cent or with 4.5 per cent sulphuric-acid solutions, centri- 
fuged and dried for 2 hr at 220 F, retained less water than the 
untreated material. With the 4.5 per cent acid solution, the 
reduction in moisture regain amounted to 2.5 per cent at 65 
per cent relative humidity at 70 F. With the 0.5 per cent 
solution, the reduction was 2 per cent. It is known that wool 
adsorbs acids very strongly, even from dilute solutions, and the 
corresponding decreases in moisture regain appear due to some 
salt formation with amino groups which otherwise would attract 
water molecules. A similar behavior but to a lesser extent is 


6 “Effects of Drying Conditions on Properties of Textile Yarns,’’ 
by J. G. Wiegerink, U. S. Bureau cf Standards, Journa! of Research, 
vol. 25, 1940, RP 1337, pp. 435-450. 
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Washing of wool after treatment with acid solutions may not, 
effect complete removal of the acid, and the change in moisture 
sorption of a wool might be one criterion of acid retention. 
This possibility is based on the fact that the effect of moist heat 
during drying is likely to reduce the moisture regain of wool 
by not more than 0.75 per cent, whereas the acid effect. may 
easily be of the order of 2 per cent. See Figs. 12 and 13, with 
reference to this discussion. 


PACKAGE-DRYING OF CoTTON 


Perhaps the most economical method of drying packaged 
cotton is in a hurricane oven or so-called cabinet drier. Usually 
the centrifugally extracted packages are dried in this way in 
from 10 to 18 hr. Attempts to reduce this drying time have 
been made, and a rclatively successful commercial drier employs 
compressed heated air blown through the loose-wound packages 
mounted on the same perforated spindles used in the dye kier. 
A time range of 2'/. to 6 hr seems to be usual with such driers, 
this time depending upon the type of apparatus, size and density 
of package, type of yarn and temperature, and rate of flow of 
the air supply. Preliminary studies of this method of drying 
indicated that it should be possible to reduce this time still 
further, a highly desirable objective, under present conditions, 
since it would not only increase production but would help in 
preventing the hydrolysis previously discussed. 

Fig. 14 illustrates two rather important results, not previously 
published, which have been found in the course of the package- 
drying research project. One of these is that such yarn may be 
dried in a fraction of 1 hr under suitable commercially practicable 
conditions, and the other result is that such drying may be 
carried out under conditions where the material may be brought 
to a predetermined moisture content without overdrying. 
Some other results have come out of this limited study of package 
drying of cotton, but they are beyond the scope of this dis- 
cussion. 

The numbers from 1 to 4 in Fig. 14 refer to thermocouples 
located at equally spaced intervals through the cotton package. 
Couple No. 1 was located on the inside of the package and No. 4 
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on the outside. When heated air was passed through the package 
from inside to outside, No. 4 was the last couple to reach the 
air-supply temperature. Thus the temperature of this couple 
is considered an index of the time required to dry the package. 


WALKER—DRYING OF TEXTILES 


By “open system” is meant that the vapor-laden air blown 
out through the surface of the package was exhausted directly 
into the room. By “closed system” is meant that the package 
was enclosed in a tight container, and the air was blown through 
the package in either direction, recirculated throughthe blower, 
and mixed with sufficient dry air so that the humidity during 
drying could be controlled as desired. 

This series of tests, representing but one of a number, was 
made with an air flow of 23 efm, several times the maximum 
rate understood to be used in present commercial equipments 
of this type. While this increase in air rate no doubt represents 
a considerable increase in power cost, the results may be more 
than worth this cost increase both in production output and in 
textile quality. 


Tueory oF Moisture DIstrRiBUTION IN TEXTILE FIBERS 


It is known that the removal of all but a few tenths of a per 
cent of water from a fibrous material is likely to result in more 
or less permanent changes in its molecular structure and 
therefore changes in its physical properties. One example of 
this: is the difference in moisture regain of two samples of the 
same cotton, one of which was dried at room temperature 
and the other dried rapidly in a well-ventilated oven at 220 F. 
When reconditioned so as to avoid hysteresis, it was found 
that the air-dried material adsorbed about 1 per cent more 
moisture than the other. This difference in moisture-adsorbing 
capacity may be retained, under certain conditions, for a period 
of vears. 

To secure a better understanding of the reasons for such 
alterations in moisture-regain properties and in the general 
principles underlying drying of textiles, it is worth while to con- 
sider the structure of the textile fiber and the mechanism of 
moisture adsorption and distribution within this structure. 

It is now generally accepted that textile fibers are built up 
of very long chainlike molecules. In certain regions, these 
molecules lie parallel with one another in such closely packed 
regular formation that they possess many of the properties of 
crystals. In other regions the orientation is poor and the 
molecules lie in such a disordered state that here the material 
may be termed amorphous. It is considered that the fiber 
is built up of alternate regions of well-oriented and poorly 
oriented molecular aggregates, with some of the single long 
chainlike molecules running continuously through both regions. 

Mark’ has provided an excellent series of pictures to help 
explain this arrangement, but it is only necessary here to point 
out that the fiber may be regarded as an irregular flexible net 
built up of crystallized and amorphous areas, exhibiting at certain 
places large holes, where the amorphous condition is most pro- 
nounced, with spaces and crevices at other places, and even 
smaller pores between contiguous surfaces, such as might well 
be found in the more highly crystalline regions. The well- 
oriented aggregates are relatively inert to chemical attack and 
to penetration by water, dyestuffs, or other reacting substances. 
On the other hand, these materials may enter into the amorphous 
areas to a greater or less degree depending upon the density of 
the structure at these points and to the accessibility of the 
cracks, crevices, and pores. 

It is now generally accepted that the adsorption of moisture 
and gases on the internal surfaces of such fibrous materials is 
due to formation of monomolecular or multimolecular films on 
these surfaces at low pressures. Cotton, for example, will 
retain not more than about 25 per cent of moisture by weight, 
when in equilibrium with a saturated atmosphere. More than 
twice this amount may be held in the fiber structure when the 


’ “Structure of the Rayon Fiber,” by H. Mark, Nature, vol. 144, 
1939, pp. 313-314. 
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cotton hair is wet and swollen with liquid water. Considerations 
of the heat of wetting of dry cellulose and the dielectric constant of 
cellulose of various moisture contents indicate that the first 
moisture adsorbed by dry cotton is more firmly bound than 
subsequent amounts, has much greater effect on the elastic 
properties of the fiber, and is more difficult to remove. At 
higher moisture contents much of the water is relatively free 
and simply fills the capillary spaces or holes in the fiber. These 
facts suggest that there is a greater affinity between water and 
the hydroxyl groups on the cellulose surface than between water 
molecules already adsorbed on this surface and additional 
water molecules which may be adsorbed subsequently. 

Considering the picture of the fiber structure Just described, 
and the affinity of water for hydroxyl groups on the cellulose 
surfaces, multimolecular layers of water may be held on all 
internal surfaces which are available for moisture sorption. 
These are not to be considered as continuous layers of liquid 
water completely filling the spaces between contiguous surfaces 
in pores, or more open surfaces in cracks or crevices, but are 
believed to exist as columns or chains of water molecules. One 
end of such a chain remains within the sphere of influence of a 
hydroxyl group in the cellulose surface, thus being more or less 
anchored. The remaining portion of the chain extends out- 
ward from this surface and the multimolecular layer of these 
chains is analogous to the vertical fibers in a pile fabric like 
velvet. 

If moisture is removed during drying, down to a point where 
the initial monomolecular layer begins to be depleted, the 
energy residing in the hydroxyl groups freed of water may be 
neutralized by active groups on contiguous surfaces, resulting 
in a local cementing or “spot-welding” action. This would be 
likely to impair the lubricating effect of the continuous films 
of moisture between adjacent surfaces and affect the elastic 
properties of the fiber. If such an “overdried” material is 
permitted again to adsorb moisture, these cemented points 
not only are likely to interfere seriously with the uniform dis- 
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tribution of water on the former surfaces but may prevent 
as much moisture being adsorbed as before. Thus, such a 
conception of the internal structure and the behavior of ad- 
sorbed moisture admirably accounts for the increased harshness 
of overdried textiles 
capacity. 

The amount of water required to form a monomolecular 
layer over all the internal surface of a cotton fiber is readily 
estimated from the moisture-adsorption isotherm for the ma- 
terial, Fig. 15. 

The intercept of the substantially linear middle portion of 
this curve with the moisture-content axis, shown by the dotted 
line, gives the amount of water (a) required to cover the internal 
surface of the fiber. In this case it is seen to be slightly more 
than 1 per cent moisture. With other fibers, the amount of 
internal surface is different and the intercepts also differ. 

There is much evidence to indicate that there are marked 
differences in the properties of a fiber at moisture contents 
below and above this monomolecular-layer figure. In a previous 
publication,’ a series of simple linear relations was formulated 
to show the relation between electrical-insulation resistance, 
moisture content, and relative humidity for cotton. These 
equations were of the form 


and also the reduced moisture-regain 


log insulation resistance = —A(X) + B 


where A and B are constants determined by the textile and its 
previous history, and X is some function of moisture content 
or relative humidity. For moisture contents between 1 per 
cent and 6 per cent, the following linear equation holds 


log insulation resistance = —A(per cent moisture content) + B. 


Fig. 16 shows that this equation holds for a cellulosic material, 
in this case, rag paper. The important fact to be emphasized 
in connection with the present discussion of textile drying is 
that below 1 per cent moisture content, the electrical-insulation 
resistance increases much more rapidly than is consistent with 
this relation between 1 per cent and 6 per cent moisture content. 
It appears reasonable to explain the very rapid increase in the 


8**Moisture Content and Electrical Conductivity of Cotton,”’ by 
A. C. Walker, Journal of the Textile Institute, vol. 24, 1933, pp. T145 
160; also Bell System Technical Journal, vol. 12, 1933, pp. 431-451. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1943 


LOG INSULATION RESISTANCE IN MEGOHMS 


} 
| | 
2 3 4a 5 6 
PERCENT MOISTURE CONTENT BY WEIGHT 


i 
1 


Fig. 16 Resistance OF CELLULOSE 


(Significance of monomolecular moisture layer.) 


resistivity of the cellulose with decreasing moisture contents 
below 1 per cent as being due to discontinuities in the mono- 
molecular layer of moisture adsorbed on the internal surfaces. 


CONCLUSION 


It is seen from the foregoing discussion of recent experiments! 
data on the moisture relations of textiles, and the discussion of 
the theory of moisture sorption and distribution in cotton and 
other cellulosic fibers, that it may be highly undesirable to re- 
move all or part of the initial monomolecular layer of moisture 
from the internal surfaces of such materials. Too thorough or 
uneven drying may impair the valuable properties of flexibility, 
softness, and strength. Therefore, in any problem involving 
textile drying, consideration should be given to the theories 
relating to the form in which the moisture is distributed within 
the fiber structure and to data of the type discussed in this 


paper. 
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The Effect of Installation on the Coefficients 
of Venturi Meters 


Final Report 


By W. 8. PARDOE,! PHILADELPHIA, PA. 


HIS paper may be considered as the continuation and final 

report on the effect of installation on the coefficients of 

Venturi meters. Articles in Transactions of the A.S.M.E., 
November, 1936, Vol. 58, page 677, and Transactions of the 
A.S.M.E., November, 1937, Vol. 59, page 753, being progress 
reports giving data on the (11.956 & 8.2285-in. 8 = 0.688), the 
(7.810 5.00465-in. 8 = 0.640), and the (8.060  3.3759-in. 
8 = 0.394) Simplex Valve and Meter Company Herschel type 
Venturi meters. 

In the accompanying curves, Fig. 1 to Fig. 50, are given similar 
data for the (8.074  5.9988-in. 8 = 0.743) Simplex Valve and 
Meter Company Venturi meter and the (8.086 « 4.0005-in. 8 = 
0.498) Builders-Providence, Inc., Venturi meter, both being of the 
Herschel type. 

In Figs. 1, 12, 20, 28, and 43 are collected the coefficient in- 
stallation curves from all three papers. 

The method of correlating the data is shown in Fig. 51, which 
is the inked-in work sheet for installation shown in Fig. 12. In 
the table, column 1 is the value of x; columns 2, 4, 6, and 8 are 
the coefficients obtained from Fig. 12 for the four Venturi meters; 
columns 3, 5, 7, and 9 are the errors or difference between these 
coefficients and the normal coefficient C,. These errors are 
plotted against the corresponding values of 8 and smooth curves 
run in on which values for 8 = 0.8. 0.75 — 0.4 are interpolated 
or extrapolated, giving the information for plotting Fig. 53. 
Figs. 52, 54, 55, and 56 were obtained in a similar manner. 

When the coefficient curves became flat, or C constant, as they 
do in most cases, this value was used. If the value of the coeffi- 
cient did not become constant, as in Figs. 18 and 19, the value at 
17 ft per see throat velocity was used. 


' Professor of Hydraulic Engineering, Department of Civil Engi- 
neering, University of Pennsylvania. 

Contributed by the Special Research Committee on Fluid Meters 
and presented at the Annual Meeting, New York, N. Y., Nov. 30- 
Dec. 3, 1942, of THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the elety. 


Figs. 52 to 56 should be used with some caution, particularly 
for the high-ratio Venturi meters, in which case it would be well 
to refer to the experimental curves. 

The entire investigation can be summed up as follows: 

1 Low pipe factors, high coefficients 

2 High pipe factors, low coefficients 


This is evident from the formula 


3 Any vortex soon becomes a free vortex and lowers the 


coefficient. 
R. B. Smith’s formula 
Q2 


1 + 8? + £8? cot?a 
is confirmed with respect to effect of 8. 

Hence the various fittings, in order of the distance over which 
their effects are noticeable, may be given as follows: 

1 A single short-radius elbow is felt for about 6 diameters. 
See Fig. 54. 

2 A6toS8-in. standard increaser is felt for close to 6 diameters. 
See Fig. 53. 

3 A 24 to8-in. series of decreasers produces an effect up to 12 
diameters. See Fig. 52. 

4 Two short-radius elbows in planes at right angles give first 
a positive error at low values of 8 due to a low pipe factor after 
the elbows, and then a negative error due to the formation of a 
vortex. The effect of this is not eliminated in thirty diameters. 
See Fig. 55. 

5 Cross straightening vanes, 6 diameters long, eliminate the 
vortex and restore the normal coefficient. See Fig. 56. 

6 For all setups the high-ratio tubes are most profoundly 
affected, but the effect of a vortex does not disappear in the low- 
ratio meter in 30 diameters. 

7 Low-ratio tubes are but slightly affected by non-vortex- 
forming disturbances. 
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Discussion 


kk. S. Smrru.?. The author has done considerable testing work 
on the over-all coefficients for Venturi tubes and, in his penulti- 
mate paper, presented data showing temperature errors under 
certain conditions. This writer’s discussion of that paper was in- 
tended to provide several tests for the Goffian hypothesis re- 
leased by the author. However, his closure rejected the tests and 
hypothesis without providing any rational explanation for the 
errors. His present “final” paper fails to clear up this point. 
The writer accordingly urges the author to dispose of the cause 
for the error in his closure to this paper as necessary to its claimed 
finality. 


L. K. Sprnx.? The distinction made by the author between 
vortex flow and abnormal velocity distribution is of particular 
interest at this time. A review of the recommendations on the 
use of straightening vanes with this distinction in mind might be 
in order now when the saving of critical material is of such im- 
portance, 

It is observed that the author used straightening vanes only to 
eliminate the vortex. There is no apparent reason why a straight- 


? Eclipse Aviation, Bendix, N. J. Mem. A.S.M.E. 
* The Foxboro Company, Foxboro, Mass. 


‘is due to a low 
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ening vane should correct an abnormal velocity traverse, unless 
constructed to offer the highest frictional resistance at the points 
where the velocity is abnormally high. Since special designs to 
fit specific flow patterns are not feasible for general commercial 
practice, there is a reasonable question whether the use of vanes 
should be recommended except to eliminate the vortex type of 
disturbance. 

The American Gas Association—A.S.M.E. tests at Buffalo 
indicated that the error due to the swage, which causes an ab- 
normal velocity traverse, was actually increased by the use of a 
straightening vane. An article‘ by H. S. Bean shows, in some 
instances, a greater approach run to be required with vanes than 
without, which adds further doubt of the advisability of using 
vanes on certain types of disturbances. 

The analysis by Mr. Bean on the subject of installation effects 
emphasizes the inconsistency of the data by various experiment- 
ers. Some of this might be due to discrepancies in the arrange- 
ment, spacing, and physical design of the disturbance-producing 
fittings. In some instances, irregularities in the interior of the 
pipe and fittings or differences in alignment of the elbows might 
result in a change to vortex flow. The distinction observed by 
the author prompts the suggestion that better co-ordination of 
disturbance test results might be obtained by observing the type 
of flow by some means such as the Schlieren apparatus or glass- 
pipe sections rather than grouping all disturbances (for instance, 
those consisting of two elbows in the same plane) under the same 
classification. A partially closed gate valve is apparently capa- 
ble of producing a vortex as well as an abnormal velocity dis- 
tribution. 

Item 4 of the author’s summary should read “at high values of 
B.”’ The value of 8 for the 8.06-in. *3.3759-in. Venturi should be 
0.419, as indicated in previous reports. The fact that the value 
of 0.394 was used in the compilation of the final curves has little 
effect, however, on the shape of the curves. 

Loose use of the term “‘error’’ should be avoided in information 
presented to an organization composed largely of commercial 
users of head meters. The user purchases a primary device, the 
coefficient of which has been determined under conditions which 
permit accurate measurement, If the commercial installation 
results in a low actual coefficient, measurement by the predeter- 
mined coefficient is high; hence the error is positive. 

We find no velocity-traverse data or other evidence to support 
the conclusion that the first error caused by elbows at right angles 
“pipe factor,” and that the error observed at 
greater distances is due to formation of a vortex. Although this 
conclusion appears logical, we believe that such statements 
should be accompanied by suitable proof. 

The writer’s experience has indicated that disturbed flows are 
usually accompanied by unsteady differentials. These require a 
damping means or shutoff device to obtain satisfactory readings 
on a hook-gage such as described in the 1936 report. We should 
be interested in further details of this portion of the test equip- 
ment. 

We should also be interested to know the reason for basing the 
analysis on a throat velocity of 17 fps. The test data provide in- 
formation for analysis of the effect of Reynolds number on 
installation errors, if the lower velocity readings are of equal re- 
liability. 


R. E. SprenKxE.’ The author has done industry a great serv- 
ice in exploding the commonly accepted idea that Venturi tubes 
can be used in any piping arrangement with no diminution of 


4 “Installation Requirements for Head Meters,’’ by H. S. Bean, 
Heating Piping & Air Conditioning, vol. 13, 1941, pp. 744-746. 

5 Mechanical Engineer, Bailey Meter Company, Cleveland, Ohio. 
Mem. A.S.M.E. 
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metering accuracy. His composite curves, Figs. 52 to 56, in- 
clusive, show that Venturis are as vulnerable as any other type 
of primary element to the arrangement of piping preceding them, 
and that due care must be experienced in placing them in such 
piping systems as will give accurate and dependable results. 

It would appear that a reducer, Fig. 52, requires about twice 
the length of straight pipe as an expander, Fig. 53. Is not most 
of this decrease of length with the expander due to the use of a 
bellmouthed inlet which almost immediately precedes the ex- 
pander? A series of air-flow tests conducted in the summer of 
1942 under the writer’s supervision, using a bellmouthed at- 
mospheric intake, showed that best accuracy was obtained with 
from 5 to 6 diameters of straight pipe following the bellmouth and 
preceding the orifice. In these tests, no expander was used. 

Some peculiar results are shown for the combination of three 
bends at right angles to each other, Figs. 29 to 35, inclusive, and 
Figs. 37 to 42, inclusive. These indicate that for the 8.036-in. 
< 4.0005-in. Venturi tube, as good accuracy is obtained with the 
length of 30 in. as with the length of 18 ft 6 in. immediately pre- 
ceding the Venturi and, further, that the error at these lengths is 
about 0.3 per cent. One would have expected much larger er- 
rors with the shorter length of piping. Further, with the 8.074- 
in. X 5.9998-in. tube, there is no error with the Venturi immedi- 
ately following the third bend, whereas a definite error of about 
0.5 per cent is shown with the 20 ft of straight pipe preceding the 
Venturi. Is there any logical explanation for these seemingly in- 
consistent results? 

It is never good metering practice to install a straightening 
vane immediately following a bend or immediately preceding 
any primary element, as indicated in Figs. 43 to 50, inclusive. 
There should be at least several diameters between the bend and 
the entrance to the vane, as well as between the exit of the vane 
and the primary element. It is not surprising, therefore, to note 
the peculiarly shaped calibration curves shown in Figs. 43 
and 47 to 50, inclusive, for the high-ratio Venturi tube with this 
particular piping arrangement. 

The reversal of errors by the use of a straightening vane fol- 
lowing two bends at right angles to each other, as shown in Figs. 
55 and 56, is indeed interesting. Are we correct in assuming that, 
in the case of the straightening-vane installation, Fig. 56, the 
over-all length of the straightening vane was in each instance 
equal to the total distance X? 


Avutuors’ CLOSURE 


Mr. E. S. Smith first suggested convection currents as a con- 
tributing cause. The author put the 8-in. X 35/s-in. meter in a 
vertical line, as shown in Fig. 57 of this closure. The curve still 
passed through 0.969 at 3 fps, indicating no effect. Now he 
seems peeved that the author, who closed the discussion of his 
“penultimate” paper, did not follow his suggestion of exploring 
the sublaminar layer with a Pitot tube and a thermocouple. As 
the laminar boundary layer is about 0.0006 ft thick, the job of 
getting temperature and velocity traverses of the sublaminar 
boundary layer is to say the least a little difficult, if not impossible. 
Nevertheless, if Mr. Smith will supply the Pitot tube and 
thermocouple, the author will be glad to assist him in making the 
traverses. It seems to the author the explanation as given in 
the original paper is rational and, in his closure, he computed the 
inside-wall temperature and found that the temperature difference 
varied inversely to the velocity, as one might expect. 

Mr. L. K. Spink is quite right in his conclusion that straighten- 
ing vanes should be used to eliminate vortex flow only. They 


should not be used to correct an abnormal velocity traverse; in 
fact they may perpetrate the abnormality. The author considers 
two cross-straightening vanes as good as any and these are most 
easily constructed. Mr. Spink called for Pitot-tube traverses at 
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the outlet of the two elbows in different planes to prove an expla- 
nation he considers “‘logical.”” Some time in the blue future, he 
may find some unused time to devote to this question. 

The high values of the coefficient for low values of © might be 
due to the low pipe factor offsetting the effect of the vortex but 
could also be explained if we assume that the two elbows in planes 
at right angles produced a temporary forced vortex, i.e., var 


as in the free vortex. Using the same method as 


Mr. R. B. Smith® 


instead of ve 
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6 “The Effect of Insulation on Coefficients of Venturi Meters,” 
by W. J. Pardoe; discussion by R. B. Smith, Trans. A.S.M.E., vol. 
59, 1937, pp. 750-751. 


PARDOE—EFFECT OF INSTALLATION ON THE COEFFICIENTS OF VENTURI METERS 
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From which it is evident that Cw increases as a decreases from 90 
deg. Hence, if the elbows produce a forced vortex, there will be 
a temporary high coefficient. The forced vortex soon changes 
to a free vortex, and the coefficient falls below normal, as indi- 
cated in Fig. 55 of the paper. 

The Hook gage is used only up to 0.6 ft. As this paper deals 
only with the flat part of the curve, the Hook gage reading did 
not effect the result. Gage readings do fluctuate more than for 
normal flow but not abnormally, as is indicated by the deviations 
of the points from the curve. 

The velocity 17 fps is a mean between 9 and 25 fps, a usual 
range for meters. 

Mr. R. E. Sprenkle has it just the wrong way around. The 
author has never remotely suggested that the Venturi tube is not 
affected by installation. The late Mr. Spitzglass, on one occa- 
sion, stated that the pipe orifice was not affected by a free vortex. 
The author, believing otherwise, made the tests shown in Fig. 58 
of this closure. It will be observed that the coefficient of the 
Venturi tube falls as the angle a decreases and that of the pipe 
orifice rises, becomes normal at a = 45 deg, and then falls off as 
in the case of the Venturi tube. This suggests the inadvisability 


of using the information in this paper for pipe orifices. 
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Fig. 60 


The author thanks Mr. Sprenkle for drawing his attention to 
the effect of the bell mouth and hence has conducted the tests of 
installation shown in Figs. 59 and 60 of this closure. The neces- 
sary length is evidently increased from 5 to 7 diam for 8 = 0.75. 
When there is plenty of length, the author agrees with Mr. 
Sprenkle about the location of straightening vanes, but the tests 
were made to determine the minimum length of X and strengthen- 
ing vane to obtain the normal coefficient. The cross-straight- 
ening vane in all cases was equal to the distance Y. 
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Results of Tests on Volumeters for 
Liquid Hydrocarbons 


By R. J. S. PIGOTT,' E. E. AMBROSIUS,? anv E. W. JACOBSON? 


This paper gives the results of the continuation of a 
test program begun in May, 1939, by the A.S.M.E. Spe- 
cial Research Committee on Fluid Meters, to determine 
the characteristics of displacement-type mechanical me- 
ters for measuring liquid hydrocarbons. Subsequently 
a Special Subcommittee to guide the volumeter research 
work was appointed and later expanded to include mem- 
bers from the Petroleum Institute and the meter-manu- 
facturing companies. Meter-calibration test work, which 
is the first phase of the volumeter research program now 
under way, has been virtually completed. The essentials 
of the preliminary study of test results are contained in 
this paper. Later complete supporting data for the re- 
sults will be given. The test work conducted shows that 
displacement meters are subject to viscosity and tempera- 
ture effects, and if close measurement is to be obtained, 
suitable calibration equipment must be provided to test 
each meter at the viscosity, near the temperature, and 
throughout the flow range at which it is to be operated. 


started a test program in May, 1939, to determine the char- 

acteristics of displacement-type mechanical meters for 
measuring liquid hydrocarbons. The need for this work has 
grown in importance as the work has proceeded. Because of the 
increased interest of the American Petroleum Institute, a special 
Joint Committee of the two societies was formed to guide the 
volumeter research program. Recently, this committee has been 
expanded to include representatives of the various meter-manu- 
facturing companies interested. The meter-calibration test 
work, which is the first phase of the volumeter research pro- 
gram, has been essentially completed and a preliminary study 
of the results has been made. There is urgent need that perti- 
nent information from this preliminary study be disclosed and 
it is for this purpose that this paper is presented. Because of the 
great amount of information to be drawn from the preliminary 
study and the voluminous nature of the supporting data, for 
the sake of brevity no supporting data are included in this 
paper. Instead, the committee intends to publish the entire data 
in the form of a report later. 

Manufacturers contributed 22 volumeters for the tests. 
Table 1 gives the number and range of the meters in each 
classification. 

Each meter was tested for accuracy of measurement and pres- 
sure absorption through its entire flow range with three different 
oils at two temperatures for each liquid temperature. Table 2 
gives data on the oils and gasoline used in the tests. 


ir A.S.M.E. Special Research Committe on Fluid Meters 


1 Chief Engineer, Gulf Research & Development Company, 
Pittsburgh, Pa. Past Vice-President A.S.M.E. 

2 Professor of Mechanical Engineering, University of Kansas, 
Lawrence, Kan. Mem. A.S.M.E. 

2 Design Engineer, Gulf Research & Development Company, 
Pittsburgh, Pa. Mem. A.S.M.E. 

Contributed by the Special Research Committee on Fluid Meters 
and presented at the Annual Meetirg, New York, N. Y., Nov. 30- 
Dec. 4, 1942, of Toe AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


TABLE 1 NUMBER AND RANGE OF VOLUMETERS 


Sealing Design Number Tested range, 


type type tested gpm 
Film-sealed Cylindrical piston 1 0-100 
1 0-325 

Nutating piston 2 0-160 

1 0-450 

Square piston 1 0-200 

1 0-350 

Oscillating piston 1 0-125 

1 0-300 

1 0-325 

1 0-400 

Bucket-vane rotary 1 0-120 

1 0-450 

Straight-vane rotary 1 0-350 
Turbine-wheel rotary 1 0-250 

1 0-400 

Two-lobe rotary 1 0-425 
Three-lobe rotary 1 0-200 
Three-lobe rotary 1 0-425 
Pack-sealed Four-piston single-acting 1 0-120 
Single-piston double-acting 1 0-120 
Five-piston single-acting 1 0-— 60 


TABLE 2) DATA ON OILS AND GASOLINE USED IN TESTS 


Order Viscosity at given 
tested Nominal viscosity -——temperature—— 
Centipoises Deg F 

199.4 84 

1 Heavy oil 17.24 176.5 
3.002 84 

2 Light oil 1.46 176.5 

3 Medium oil 

4 Gasoline (specific gravity at 60/60 = 0.715) 


The oil tests were conducted on open weigh-tank-type appa- 
ratus at the University of Oklahoma, Norman, Okla. This equip- 
ment and its operation were described in a paper‘ presented before 
the American Petroleum Institute in 1939. The gasoline tests 
were conducted on closed volumetric water displacement-type 
apparatus at the U.S. Naval Experiment Station, Annapolis, Md. 
The type of equipment used for the gasoline tests was described 
in a paper® presented before this society in 1941 at Kansas City. 

Conclusions derived from the preliminary study of the cali- 
bration and absorption curves are presented under general head- 
ings depending upon the major classification of subject matter. 


GENERAL 


All the volumeters tested show definite viscosity and tempera- 
ture effects which must be considéred if close measurement with- 
in 0.1 per cent error is desired. Most of the meters will measure 
within + 1 per cent on oils above 1 centipoise viscosity, if viscosity 
and temperature effects are neglected, and the flow rate is held 
between 15 per cent and 85 per cent of their rated capacity. A 
few of the meters will measure within + 0.5 per cent under the fore- 
going conditions. Nearly all meters show wide spread of error 
between the oils and gasoline, especially at flow rates below 20 
per cent of rated capacity. All meters should be calibrated on the 
fluid at the viscosity and near the temperature at which it is to be 
used, if measurement within 0.1 or 0.2 per cent is to be possible. 


4“Fluid Meter Research at The University of Oklahoma,”’ by 
W. H. Carson and E. E. Ambrosius, Oil and Gas Journal, vol. 39, 
November 14, 1940, pp. 143, 144, 146, 149, 150, 153, 154. 

5 “Calibration of Displacement Meters on Volatile Liquid Petro- 
leum Fractions,’”’ by E. W. Jacobson, Trans, A.S.M.E., vol. 63, 1941, 
pp. 701-704. 
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Meter error is definitely a function of flow rate. Most meters 
show unstable performance at rates of flow below 15 per cent of 
their rated capacity, with large errors in excess. Even the best 
measuring meters have greater slip in the lower 10 per cent of 
their flow range. As the rate of flow increases above 10 per cent, 
some meters have rising error curves, while others have falling 
error curves. All meters should be calibrated at flow rates ap- 
proaching the operating rates if measurement within 0.1 per cent 
is to be obtained. Most volumeters should be operated at rates 
of flow above 15 per cent of their rated-flow range if consistent 
predictable performance is to be expected. 

Some of the meters showed very marked changes in measuring 
characteristics with different temperatures and viscosities. SSome 
meters are better measurers on one temperature-and-viscosity 
combination than on other combinations. Some meters are defi- 
nitely heavy-oil meters; others do better on the lighter oils. 
Only a few meters show a low error spread in the upper 85 per 
cent of the rated-flow range with gasoline. 

If a meter has a combination of poor sealing and high absorp- 
tion, it will have a rising error curve at higher flow rates. If the 
absorption is low, even with average sealing, the error curves are 
relatively good. The term absorption is used here as commonly 
in the meter industry and means pressure loss across the meter 
to attain flow. A free-running meter may not be a consistent 
measurer since the error curve of such a meter is sensitive to the 
register load and change in internal friction. A slight change 
in register load, internal friction, etc., will have a greater percent- 
age effect than if the absorption of the meter were higher. 

There was evidence during the testing that most meters have a 
wearing-in period during which their measuring characteristics 
are unstable. After a short period of operation, the performance 
became stable. This should be considered when new meters are 
being used. 

Meters should be carefully designed to avoid air-trapping. 
Test experience has shown that air can be trapped in some meters 
with unpredictable results. 


Viscosity EFrects 


As pointed out in a previous paper,® the basic design of dis- 
placement meters is divided into two classes in regard to type of 
sealing, namely, film- or capillary-sealed meters, and pack-sealed 
meters. The film-sealed metering elements depend upon very 
close working clearances between moving and stationary parts 
filled with a thin film of the fluid being metered. The pack- 
sealed metering elements make use of leather, composition, or 
metallic ring-packed pistons. In the film-sealed meter, the vis- 
cosity of the liquid being metered affects not only the slip but 
also the absorption (pressure drop across the meter). In general, 
the absorption increases with increase in viscosity because of the 
increased friction in the sealing film as well as greater liquid re- 
sistance to flow through the meter; the slip decreases with increase 
in viscosity of the metered fluid because of the better sealing ef- 
fect of the higher-viscosity film. All but three of the meters tes- 
ted were of the film-sealed type and exhibited general character- 
istics as described. 

In many of the meters tested, the viscosity of the heavy oil 
controlled the shape and position of the error curves more than 
the temperature. As the viscosity of the fluid becomes less, the 
efiect of viscosity change on the error curves becomes less, and the 
influence of temperature then becomes the controlling factor in 
these meters. 

Effects of viscosity are very pronounced at rates below 15 per 
cent of rated capacity. At rates above 15 per cent and below 


§ “Some Fundamentals in the Design and Application of Displace- 


ment Meters,’ by E. W. Jacobson, Oil and Gas Journal, June 20, ° 


1940, pp. 36, 39, 40. 
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85 per cent, viscous effects are still evident, although to a lesser 
degree than below 15 per cent of rated capacity. 

A great many meters have a relatively narrow range at some 
point between 15 per cent and 85 per cent of rated capacity where 
the viscosity has minimum effect. This is obviously the operat- 
ing rate near which the meter should be used to give best results 
if the meter is to be used to measure fluids at fairly wide variance 
in viscosity such as in a products pipe line. 

For a given sealing condition in a meter, there is an optimum 
value of viscosity below which slip will increase rapidly. 

At constant flow rate and constant temperature, the absorption 
has a tendency to drop sharply as the viscosity is decreased. At 
constant absorption and temperature, the flow increases as the 
viscosity is decreased. At constant absorption and temperature, 
there is a critical value of viscosity below which the flow increases 
very rapidly with decrease in viscosity. 

If close measurement is to be secured, meters should be cali- 
brated on fluids of the same viscosity as those to be measured. 
This becomes increasingly important for fluids of viscosity below 
1 centipoise. Meters for measuring gasoline, propane, etc. 
should be calibrated on these liquids if measurement closer than 
0.5 per cent is expected. 


TEMPERATURE EFFECTS 


Temperature has an effect on all meters which is difficult to 
evaluate, since it is dependent upon clearances, types of materi- 
als used, and inherent design features. The effect of temperature 
is about as varied as there are meters, some designs being much 
more sensitive to temperature changes than others. In general, 
the poorer sealed meters are less sensitive than the well-sealed 
meters. Meters should be calibrated on fluids near the tempera- 
ture at which they are to operate if close measurement is desired. 

The general effect of an increase in temperature is to make the 
meter seal better, as the meters are now constructed. This is 
particularly true in the meters using metals of different expansion 
coefficients. It may be entirely possible by careful design to 
largely lessen the effect of temperature as a factor in meter 
performance. 


ABSORPTION 


Absorption is a function of flow rate. The higher the flow 
rate, the higher the absorption. For a given flow rate, the higher 
the viscosity, the higher the absorption. The effect becomes very 
pronounced with high-viscosity liquid. As the viscosity is de- 
creased, a point is reached where the absorption becomes in- 
dependent of the viscosity. If, however, the viscosity is decreased 
to a point where the lubrication is lost, the absorption in some 
meters actually increases, and the error curve rises. 

Most of the meters show that the absorption does not reach 
zero as the flow rate approaches zero. This is apparently due to 
the fact that the coefficient of friction of all rubbing surfaces in- 
creases as speed decreases. 

While holding the flow rate and viscosity constant, the ab- 
sorption depends upon the temperature. For the more viscous 
oils, the higher the temperature, the higher the absorption be- 
comes probably due to change in clearances. 


Size Errects 


It is an interesting fact that meters of the same design and 
make but of different size have nearly the same absorption at their 
maximum capacity. For instance, a meter of 100 gpm maxi- 


mum capacity and of the same design and make as a meter of 300 
gpm maximum capacity will have nearly the same absorption at 
100 gpm as the larger meter at 300 gpm. This indicates rather 
good geometrical similarity in the sizes. 
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In general for meters of different size, yet of the same design 
and make, the larger meter has better error-curve characteristics 
than the smaller. This is undoubtedly due in the larger meter 
to the load from friction, register, etc. being a smaller proportion 
of the power of the metering element than in the smaller meter. 
It follows that for the larger meter, less effect of change of regis- 
ter load through wear, corrosion, ete. will be evident. Size 
effects should be considered when selecting a meter for a particu- 
lar application. 


INDEX OF REGISTER 


The meter index or register needs discussion because proper 
calibration and consistent performance during continued use de- 
pends so much upon a properly designed mechanism for record- 
ing the motion of the metering element. It has been pointed out 
in a previous paper® the great importance of having a register 
which does not overload the metering element or change load ma- 
terially with use. In the light-running meters, the register load 
may be the greater portion of the load on the metering element 
and a slight change in the friction in the register caused by cor- 
rosion, dust, lubrication failure, and the like may cause the light- 
running meter to change calibration sharply. A meter having a 
relatively high absorption will ordinarily not be so sensitive to a 
similar small change in register load. When selecting a meter 
for a particular application, the extent of the register load should 
be considered. Both makers and users of displacement meters 
should give serious consideration to register design and applica- 
tion as affecting meter performance. 

Since meter performance is influenced by register load, each 
meter should be calibrated and operated with the same register; 
a meter should not be calibrated with one register and put into 
service with another register. A meter can be calibrated only as 
close as its register can be read. If a meter is to be calibrated to 
0.1 per cent, the register must be capable of being read at least 
to 0.1 per cent of the volume passed through the meter on each 
calibration run, and preferably less. For instance, if a 300-gal 
prover is being used, the meter register must be capable of being 
read to 0.1 per cent of 300 gal, or 0.3 gal, preferably to 0.2 or 0.1 
gal. During the test work, it was difficult to get smooth or con- 
sistent results on some meters because the index could not be 
read closely enough. 

Some meters are equipped with cams, slip clutches, etc., for 
making adjustments in the drive connection between the meter- 
ing element and the register to change calibration. For cali- 
bration purposes, these should be eliminated or constructed in 
such a manner that their influence will not be noticed when a 
meter is calibrated on small quantities. Positive drive between 
metering element and register is essential if consistent per- 
formance and close calibration are to be obtained. 

So-called temperature-compensating devices should be avoided 
as they only add to the complication of the registering mecha- 
nism and cannot possibly compensate adequately for tempera- 
ture effects on both the metered fluid and the meter itself. The 
test results show that meters of the same design show different 
temperature effects on the meter characteristics, so that, to cor- 
rect for these alone, each meter would need a separately designed 
and adjusted temperature compensator if close measurement is 
desired. The best temperature compensation is to calibrate the 
meter at temperatures which are near those at which it is to be 
operated. 
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CALIBRATION 


Much of the success in use of displacement-type meters de- 
pends upon the careful design and use of meter-calibrating equip- 
ment. Displacement meters for measuring liquid-petroleum frac- 
tions are by the nature of their use precision instruments and 
must be treated as such. They are mechanical in nature and de- 
pendent upon careful design, correct material combinations, and 
intelligent handling in use to operate with characteristics neces- 
sary to give the close measurement required. This is just as 
true for fluid measurement by displacement meters as it is for 
pressure measurement by precision gages, or electrical measure- 
ment by precision meters. In most cases, the precision of meas- 
urement demanded of displacement meters for gasoline and oil 
are much closer than that required in any other type of commer- 
cial measurement. As the precision of measurement increases, 
so does the cost of calibration, operation, and maintenance. 

It is quite evident from the data that meters for gasoline must 
be calibrated on gasoline if close measurement is desired. One 
large user of displacement meters in pipe-line service has reported 
to the committee that slight differences are found in calibration 
from one gasoline to another. Calibration curves for a meter on 
oils cannot be used for gasoline measurement and vice versa. 

Included in the test work was a short series of tests to deter- 
mine relative accuracy of “start-and-stop” proving against ‘“on- 
the-run” proving. These tests showed there was no measura- 
ble difference in the accuracy of the two methods when the same 
care was used in making the tests. 

The same thing is true for use of volumetric provers as com- 
pared to weigh-tank provers. If there is careful design, con- 
struction, and use of either type, the precision of results is the 
same. If meters are to be calibrated to close precision, both the 
meter-register readings and the measured volumes or weights must 
be determined with better precision than the required measuring 
precision, 

The test work has shown that displacement meters are subject 
to viscosity and temperature effects and, if close measurement is 
to be obtained, suitable calibration equipment must be provided 
to test each meter at the viscosity, near the temperature, and 
throughout the range of flow rates at which it is to be operated. 
If this equipment is available and each meter is carefully tested, 
the differences in measuring characteristics between one meter 
design and another are eliminated from the situation, and any 
design will be found satisfactory provided it has reasonably good 
wear characteristics and does not change very much from one cali- 
bration to the next. 
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Developments in the Measuring of Pulsating 


Flows With Inferential-Head Meters 


By S. R. BEITLER,! E. J. LINDAHL,? ano H. B. McNICHOLS: 


The measurement of pulsating flows with inferential- 
head meters has been rather undependable because of the 
fact that it was known that these measurements might be 
greatly in error due to pulsation, and no satisfactory in- 
strument was available for measuring the intensity of the 
This paper tells of two types of instru- 
ments which have been developed for measuring the fre- 


pulsation waves. 


quency and amplitude, or the amplitude alone, of the dif- 
ferential pulsation wave which is the difference between 
the amplitude of the upstream and downstream pulsations 
and tells how these instruments are used. The results of 
considerable research are given to show how meter error 
varies with differential pressure and amplitude of pulsa- 
tion waves. 


N the introduction of a previous paper in 1938, by one of the 
authors,‘ it was suggested that the purpose was to inspire 
additional investigations on the effect of pulsations on orifice 

meters. Following that presentation, supervision of the investi- 
gation was assumed by a subcommittee of the A.S.M.E. Special 
Research Committee on Fluid Meters under the chairmanship of 
T. H. Kerr, who placed J. E. Overbeck, of the Columbia Engineer- 
ing Corporation, and the senior author of the present paper in 
direct charge of the work. Arrangements were made to conduct 
tests during the summer of 1939, and these have been in progress 
continuously since that time. While there is considerably more 
to be accomplished, it is felt that a current report on the subject 
would be of great value to users of meters, and this is the purpose 
of the present paper. 

Since the present method of approaching the problem of meas- 
uring pulsating flows is different from that previously emploved, 
the reasoning used in arriving at this method will be outlined. 

Any inferential head meter will measure correctly, if the second- 
ary device will measure accurately the differential pressure 
across the primary element, and if the average of the square roots 
of the instantaneous readings can be determined. In the case 
of steady flow, these operations are comparatively simple but, 
when the flow is at all unsteady, this is not true. 

If the flow is irregular as a result of rapid variations in velocity, 
the meter is inaccurate because of the fact that most secondary 
devices are too sluggish to follow the actual changes in differential 
pressure caused by rapidly changing flow. Furthermore, the 
differential pressure, indicated by the secondary device, is an ap- 
proximate average of the maximum and minimum differential 
When the square root of this average is taken, the 
resulting value is higher than the average of the square roots of 


pressures, 
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the instantaneous differentials, and the flow as determined from 
the meter will be too high. 

The tests made by Prof. Horace Judd at Ohio State University 
in 1922, as well as some of those reported in 1938, where the setup 
was relatively simple and where it was possible to compute the 
effect of velocity variations, showed errors sometimes as much as 
20 times the error which was due to the variation in velocity. 
Professor Judd concluded that these large errors were caused by 
the effect of pressure waves which were carried by the fluid in the 
pipe. 

The preliminary studies made in this present investigation in- 
dicated that, in addition to the primary pressure waves in the fluid 
between the disturbance and the primary element, there are also 
pressure waves of different amplitude existing at the primary ele- 
ment on the side opposite from the disturbance, and suggested 
that these waves might be slightly out of time with the waves on 
the other side, so that the effect of pressure variation is multiplied 
Then, in addition to the primary waves, there are har- 
monics which are affected by the size and shape of the conduit on 
both sides of the primary element. The differential across the 
primary element, where pulsation exists, is thus a complicated 
varying pressure made up of many elements. 

If the true pressure differential could be measured instantane- 
ously and if the square roots of these true pressures could be 
averaged, it is probable that a meter would indicate the rate of 
flow accurately. This would be true because, while the velocity 
through the primary element does not vary directly with changes 
in pressure waves, the energy present, due to these waves, will be 
used either in accelerating or decelerating the fluid passing 
through the primary element, so that the decelerations should bal- 
The average flow will be indicated by 
the average of the square roots of the instantaneous differential 


at times. 


ance the accelerations. 


pressures across the primary element. 

In the practice of metering, the secondary element will not 
measure the true differential because it will not follow the rap- 
idly fluctuating pressure waves. There are lines connecting the 
primary element which act as reservoirs and change the wave 
forms between the primary and secondary elements, and it is not 
practically possible to take the square roots instantaneously. 
For this reason, it is impossible to calculate the pulsation error 
produced on any given meter even though the exact differential 
wave form were known. 

Because of the facts just mentioned, it was decided at the be- 
ginning of the investigations that all results must be in the direc- 
tion of trying to find the limits of pulsation which would be per- 
missible without affecting appreciably the accuracy of the meter. 
It was realized that in order to find such limits it would be neces- 
sary to have some method of measuring the pulsation waves, and 
the first operation was to develop instruments for measuring 
these waves. It was also decided to try to develop instruments 
for measuring the pulsations which could be employed by the ac- 
tual users of the meter and not require the services of experts in 
their usage. 


PuLSATION-MEASURING INSTRUMENTS USED 


Two types of instruments were developed; the first electrical, 


the second mechanical. The original electrical instrument used 
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was a recording instrument which gave both the shape and am- 
plitude of the pulsation waves, while the later electrical and me- 
chanical instruments developed gave the amplitude of the waves 
only. 

The original electrical instrument consisted of two diaphragms 
of stainless steel of about 1 in. diam and 1/32 in. thick which were 
connected to both sides of the primary metering element by very 
short connections and so constituted that a pressure variation 
would be indicated by a very slight movement of the diaphragms. 
Piezoelectric crystals were used to indicate the motion of the dia- 
phragms, and the voltage produced was amplified and recorded 
on a recording voltmeter. The whole apparatus gave a record 
of the wave form at both the inlet and outlet pressure taps. The 
recorder was capable of responding to very rapid fluctuations of 
pressure, and the complete record of the form and amplitude of 
the pressure variations was made on a high-speed chart. The 
entire apparatus was constructed of standard types of instru- 
ments manufactured by the Brush Development Corporation of 
Cleveland. 

With the equipment as originally used, it was possible to ob- 
tain a record of the pressure variations on either side of the pri- 
mary element. However, a study of these records (along the line 
of reasoning mentioned) indicated that a knowledge of the dif- 
ferential pressure was desirable, and a special mixing switch was 
designed which made it possible to secure a record not only of the 


Upstream Wave 


Downstream Wave 


Differential Wave 


Fig. 1 Typicat Puxsation Recorps TAKEN 


ELECTRICAL INSTRUMENT 


ORIGINAL 


inlet or outlet pulsation waves but the differential pulsation 
waves as well. Fig. 1 shows some of the records taken with this 
instrument under various conditions of pulsation. 

A study of these records will show that there is no regularity 
of pulsation waves, no apparent relation between the shape and 
amplitude of the waves on the two sides of the primary element, 
and that the differential wave bears no similarity to the other 
waves. These records were made at a gas-compressor station 
where the pulsation was produced by one compressor running at 
almost constant speed. The meter was placed directly on the 
outlet of the aftercooler so that the pulsations would be as nearly 
constant as possible. Because of the fact that the waves were so 
irregular it would be practically impossible to include the effect of 
wave form in the study of this problem, so the decision was made 
to develop a simpler piece of apparatus which would measure the 
amplitude of the wave only. 

A second electrical instrument using piezoelectric crystals was 
then developed in which the amplitude of the pulsation wave was 
measured by an indicating voltmeter mounted on the top of a 
small box containing the diaphragm holders, the amplifier, and 
the mixing switch, so that the entire apparatus was self-con- 
tained. The power for amplification was supplied by dry cells 
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so that the apparatus was portable. This instrument was also 
developed and manufactured by the Brush Development Cor- 
poration. 

Operating experience indicated that there was some question 
about the calibration of the electrical apparatus, and it was de- 
cided to construct a mechanical device which would give the am- 
plitude of the differential pulsation waves. This device, shown 
diagrammatically in Fig. 2, is a variation of the indicator principle 
which has proved very satisfactory in operation. Most of the 
later data have been correlated using the readings taken with 
this mechanical instrument. 

In its present form the mechanical pulsameter consists of two 
cylindrical volumes, A and B, Fig. 2, separated by a lightweight 
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Fig. 2. DiaGRamMMatic View or MECHANICAL PULSAMETER 
piston C in a cylinder of smaller diameter than the volumes, The 
volumes and the cylinder have a common axis, Since the piston 
is sealed by means of two thin flexible diaphragms, D and EF, 
there will be no leakage between the two volumes which are con- 
nected to the inlet and outlet pressure connections of the meter, 
and as closely to the primary element as possible. A coil spring 
F is mounted in volume A which volume is connected to the high- 
pressure tap. The tension on this spring can be changed by 
turning the handwheel G which is outside the instrument. The 
scale J indicates the elongation of the spring so the force on the 
piston tending to hold it against its stop K can be determined. 
Electrical connections are arranged in volume B which is con- 
nected to the low-pressure tap, so that any motion of the piston 
away from its stop K caused by differential pressure will be indi- 
cated by a light L located on the outside of the instrument. In 
operation, the tension of the spring is gradually increased until 
the light goes out, which indicates that the differential pressure 
has been equalized by the spring tension. When this occurs, 


the tension of the spring should represent the differential pres- 
sure due to the flow plus the maximum amplitude of the dif- 
ferential pulsation pressures. 
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The instrument spring can be calibrated by comparing its 
scale readings with any differential gage where there are no pul- 
sations present. When measuring pulsation amplitude the in- 
strument is almost totally unaffected by inertia, since the piston 
is practically at rest when the determination is made. For prac- 
tical use all pulsameters must have the same general dimensions 
as the one used to determine the effect of pulsation, since the 
shape and dimensions will undoubtedly have some effect on 
the instrument reading. Pulsameters, such as the one used in the 
test. work, are now being built and sold by the Refinery Supply 
Company, Tulsa, Okla. 


DEscRIPTION OF TESTS 


A special test station was constructed at the Crawford No. 2 
Station of the Ohio Fuel Gas Company. This test station was 
built with two orifice meters in series, one on the discharge and 
the other on the suction line of a large gas compressor. Gas was 
supplied to the first orifice directly from the outlet of the after- 
cooler of one compressor and, after passing through the second 
orifice meter, was discharged back into the suction of the same 
With this arrangement, pulsation could be main- 
tained as nearly constant as possible and the other measurement 
conditions could be easily changed to give the pressure and rates 
of flow desired. Throttle valves (plug-type valves) were placed 
in the line between the two meters and also between the compres- 
sor and the inlet and outlet of the test setting. By means of 
these valves, it was possible to regulate the pressure on either one 
of the meters so that it would not be subjected either to suction or 
discharge pulsations from the compressor. This meter was then 
used as a standard or reference meter and the measurement error 
due to pulsation was determined by comparing the quantity indi- 
cated by the meter subjected to pulsation (or test meter) against 
that indicated by the standard meter. The test meter was 
equipped with both ‘flange’ and “‘pipe’’ taps, and readings were 
taken on both simultaneously in order to determine what effect 
the location of pressure taps might have on the test results. 

In order to eliminate the effect of small variations in orifice 
plates and runway construction, so-called unity tests were run 
for each arrangement of orifice plates. In making these tests, 
the flow into and out of the setting was throttled to the extent 
that there was no pulsation on either meter. By comparing the 
quantities as measured by the two meters under these conditions, 
an indication of how close the meters would check each other 
when no pulsation exists was obtained. 

Since changing the speed of the compressor would change the 
type of pulsation, a by-pass was built into the setting between the 
inlet and outlet so that it was not necessary to change the speed 
of the compressor in order to change the rate of flow through the 
setting. The compressor used was a two-cylinder double-acting 
Ingersoll-Rand, having 18'/:-in. X 48-in. cylinders and operating 
at approximately 70 rpm. 


compressor. 


Test REsutts 


The curve shown in Fig. 3 was determined from the tests made 
at this station. In preparing this curve, the results of about 500 
tests on orifices with diameter ratios of from 20 per cent to 80 per 
cent in 2-in., 4-in., and 6-in. lines were studied. As previously 
explained, it was decided not to attempt to determine any correc- 
tion factors but to concentrate on the determination of the con- 
ditions under which meters would measure accurately. Taking 
many facts into consideration, it was decided that a meter sub- 
ject to pulsation would be normally within the limits of commer- 
cial accuracy if the error was less than 1 per cent. With spot 
tests, made with commercial setups and recording gages, it was 
felt that the probable accuracy of any individual test was within 
range of +0.5 per cent. All of the test points were plotted on a 


large sheet, and the percentage of error was marked on the points. 
The line was then drawn through the points where the error was 
approximately 1.5 percent. Because of the inherent inaccuracy 
of the tests there were three or four points with an error greater 
than 1.5 per cent below the curve and ten or twelve points with 
less than 1 per cent error above the curve. It will be noted that 
the same curve applies to both “flange” and “pipe”’ taps. 


This curve can ‘hen be used to determine whether or not a ~ 


meter measuring puisation flow is accurate. It is necessary only to 
attach the pulsameter to the pressure taps and take a reading on 
it at the same time that the differential pressure is determined. 
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Fic. 3 PRELIMINARY PULSATION-ERROR-LIMIT CHART FOR FLANGE 
AND Pipe Taps 


Method of Using Chart 


[(1) Locate pulsameter reading on left margin. (2) Trace to right 

to perpendicular line representing meter differential on bottom scale. 

(3) If this point is below diagonal line, pulsation effect is within 

tolerance of 1 per cent. (4) If this point is above diagonal line, 
pulsation effect is greater than 1 per cent.] 


If the point, when plotted on Fig. 3, falls below the curve, then 
the pulsation error is less than 1 per cent and the meter is proba- 
bly within the ranges of ordinary commercial accuracy. If the 
point falls above the curve, then the pulsation error is greater 
than 1 per cent, and the measurement with the meter ‘will not be 
accurate. 

As previously mentioned, the location of the curve, drawn in 
Fig. 3, was determined by experiment, and it was thought that 
the results might be better understood if there was a rational ex- 
planation for drawing it in this manner. In order to see the re- 
lationship of the empirical curve to some more or less rational 
curves, Fig. 4 was plotted. In this figure, the dotted line repre- 
sents the curve from Fig. 3, while the lower solid line represents the 
values of pulsameter and differential-head readings for 1 per cent 
error, computed with the assistance of several assumptions. 

These assumptions are (1) that the error of the meter is due to 
the fact that the flow calculated from the meter readings is the 
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square root of the average differential, (2) that the reading of the 
pulsameter represented the true maximum value of the differen- 
tial pressure, and (3) that the differential pressure when plotted 
against time would be a sine wave. Using these assumptions, 
the true rate of flow calculated from the average differential and 
the maximum pulsation wave would be 


(h + psin 6)'/? do 


quantity flowing in proper units 

meter constant 

average differential pressure as read by secondary de- 
vice on meter 

maximum height of pulsation differential pressure 
measured above average differential pressure and 
is equal to pulsameter reading minus reading of 
differential gage 

6 phase angle of differential pulsation wave 
Since the flow indicated by the meter secondary device is 


Qn = 


where Q, = 


the error for any values of h and p can be computed by dividing 
(Qm — Qa) by Qa. There will be some definite relation between h 
and p for any percentage error which will not change with the 
absolute values of h and p. 

Curve I, plotted in Fig. 4, represents 1 per cent error with 


2 
3 20 
/50 
4, 
Curve Il Curve I 
S00 
Dd 
S 
00 
70 
60 
LA 
> 
90 
> J0 

20 
20 JO 40 50 60 70 80 9100 /50 200 


Meter Differential Head, inches of water 


Fig. 4 PRELIMINARY PULSATION-ERROR-LIMIT CHART 


these assumptions and curve II represents 1.5 per cent error. 
It can be seen that the empirical curve lies between the two calcu- 
lated curves for all differential heads greater than 32 in. of water. 
This indicates that the assumptions as to the effect of differential 
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pulsation are reasonably correct. For differential pressures less 
than 32 in. of water, the experimental curve is intentionally 
drawn below the 1 per cent rational curve, since operating experi- 
ence has shown that measurements made at low differentials, 
when the flow is pulsating, are very sensitive to changes in pulsa- 
tion, and it was felt that the line should be lower than normal to 
allow for the effect of these accidental variations. Because of 
erratic results the empirical curve was not drawn for differen- 
tials below 20 in. of water and, if pulsations are present, it is be- 
lieved better not to attempt to meter the flow where the differen- 
tials are as low as that. These curves were plotted on loga- 
rithmic paper so that points with the same percentage of error 
would be approximately the same distance from the curve for 
any value of the differential head. 

A curve similar to Fig. 3 was drawn for the electrical instru- 
ment but its results could not be correlated as closely, because of 
the fact that calibration of the instrument was much more diffi- 
cult. 
sired to obtain a record of the pulsations, that this instrument 
in one of its forms offers several features which make it better 
than the mechanical instrument but, at the present stage of de- 
velopment, the mechanical instrument is the one which gives the 
most consistent results. 


It is possible for many studies, especially where it is de- 


SUMMARY 


From the results of the computations, it might seem possible 
to determine the percentage of error for any meter where the 
readings of the pulsameter were so high as to preclude the meter’s 
reading accurately. The amount of work done to date indicates 
that this will not be practical because it has been found that, if 
any appreciable error is present, the results of the tests are very 
erratic, and it is difficult to predict the amount of error for any 
given condition. This was not true for the tests where the error 
was less than 1 or 2 per cent, which is the range of error upon 
which Fig. 3 is based. 

This limit curve, Fig. 3, at present is tentative only, and it is 
possible that further tests will indicate that its shape should be 
altered slightly. It was determined using natural gas as the 
metered fluid and with pulsations of one general type only. The 
instrument has been used on compressed air, however, and at 
several different gas-compressor stations. The results of these 
tests seem to indicate that the results will apply to any other con- 
ditions. 

No work has been done with steam or water meters, or with 
any other meter using a liquid in the pressure connections. — It is 
therefore not possible to say whether this method of analyzing 
the accuracy of flow will apply to these types of meters. It was 
hoped to be able to continue these investigations during the past 
summer, but conditions made itsimpractical to attempt to carry 
out any comprehensive research program. The time was used 
in taking the instrument around to various gas-metering stations 
where pulsation was present and finding out if the instrument in- 
dicated any error. In one or two of the stations where there was 
error, it was possible to determine approximately the amount 
of the error. The tests made at these stations indicated that the 
curve gave accurate indications as to whether or not error was 
present. It is hoped that this work can be carried on to comple- 
tion when conditions are such that research can be resumed. 

The material presented in this discussion does not represent 
the complete results of the investigation to date. It does, how- 
ever, represent the most important elements, because it gives a 
method indicating whether or not a meter is accurate. 
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Error in page numbering 


Readers checking this volume may dis- 
cover that pages 357-392 are apparently 
missing. This is because of an error in 
page numbering which does not otherwise 
affect the contents or use of the book. Page 
numbers used in the index and elsewhere 
refer tothe numbers actually used. Nothing 
is missing; there is merely a gap in numbers 
from pages 356 to 393. 
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Utilizing Pulverized Coal in the 
Metallurgical Industries 


By C. F. HERINGTON,! PITTSBURGH, PA. 


Following a brief outline of the early history of pulver- 
ized-coal firing, the author describes in some detail typical 
equipment which constitutes a modern installation, as 
best adapted for use in metallurgical furnaces. The rela- 
tive effectiveness of burners is dealt with by examples. 
Coal-distribution systems including the pneumatic- 
transport system, are discussed, special note being taken of 
advantages of the latter type. Control systems are also 
considered, and the paper concludes with the presentation 
of operating data and cost figures. 


HisTory 


NE of the earliest discussions relating to the use of pul- 
O verized coal in metallurgical furnaces took place at a 

meeting of the Engineers Society of Western Pennsyl- 
vania in 1913, when James Lord, president of the American Iron 
& Steel Manufacturing Company, Lebanon, Pa., presented a 
paper,? covering the installation and operation of pulverized- 
coal-burning equipment, which had been started in 1903. 

Going back still further, one of the first patents granted in 
connection with pulverized coal was that of Messrs. Whelpley 
and Storer in 1866, Fig. 1. This patent was granted to cover a 
simple operation of feeding pulverized coal in a manner to cause 
it to come in contact with other burning gases and to assist solid 
fires already burning in the furnace. It was not intended to 
supplant the usual hand-fired furnace, but merely to augment 
it and to increase fuel economy. 

In 1894, a series of experiments on the use of pulverized coal 
was begun by the Atlas Portland Cement Company. These were 
in charge of Messrs. Hurry and Seaman, chief engineer, and 
superintendent, respectively. The experiments led to many dis- 
coveries and to the invention of various devices and finally to the 
commercial development of the art. 

The first commercial installation of any considerable size in a 
boiler plant was made at the Oneida Street plant of the Mil- 
waukee Electric Railway and Light Company at Milwaukee, 
where five Edge Moor boilers, each of 468 nominal horsepower 
capacity, were equipped in 1918. This plant is still in operation, 
furnishing steam for most of downtown Milwaukee. 


PULVERIZED-CoAL EQUIPMENT 


It will be assumed that most engineers are familiar with the 
essential equipment of a pulverized-coal plant. However, for 
purposes of discussion, a brief description will be given of a 
central-coal-plant installation. 

Coal Handling and Drying. Formerly the coal was deposited 
in a bin, where it was delivered into a rotary coal drier in which 


‘Consulting Engineer, Pulverized Coal Division, The Amsler 
Morton Company. 

*“The Use of Pulverized Coal in Metallurgical Furnaces,” by 
James Lord, Proceedings of the Engineers Society of Western Penn- 
sylvania, vol. 29, no. 7, Oct., 1913. 

Contributed by the Fuels Division and presented at the Annual 
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Fic. 1 WHELPLEY AND STORER APPARATUS 


the surface moisture was removed. Next it was elevated to the 
bins serving the pulverizers. Now the correct procedure is to 
supply the pulverizer with hot air up to 350 F and dry the coal in 
the mill as it is being ground. The drying is more complete, 
more uniform,.and more economical. 

These air heaters require but a small amount of space in the coal 
plant and are very efficient. They may be steam-, gas-, or oil- 
fired. The heaters are attached to the pulverizer air intake, and 
the hot air at temperatures ranging from 200 to 350 F flows into 
the base of the mill, then passes into the annular space and mixes 
with the air which is carrying the fine coal out of the mill into 
the cyclone collector or separator, Fig. 2. The mixture is dis- 
charged by the vent fan into twin concentrators, which separate 
the pulverized coal from the air, the air finally passing out into 
the atmosphere. Usually the vent fan under maximum condi- 
tions draws out the necessary volume at 120 F. This is based 
upon the coal entering the pulverizer having moisture of 5 per 
cent and being reduced to 1 per cent. 

Pulverizing. The ideal size of pulverized coal for the best 
operation in an industrial furnace should be such that all the coal 
will pass through a 100-mesh screen. In selecting a mill to pul- 
verize the coal, a unit is chosen which will deliver a minimum of 
85 per cent of the total quantity desired of such size that it will 
pass through a 200-mesh screen, and 98 per cent through a 100- 
mesh screen. This is considered a reasonable and dependable 
practice. For boilers, a 65 to 70 per cent minimum has been 
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Fig. 5 ApsusTABLE PuLVERIZED-CoAL BURNER 
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Fic. 6 DraGRAMMATIC APPLICATION OF PULVERIZED CoAL TO AN AIR FURNACE FoR MELTING IRON 


used; most recent installations are raising the minimum to 75 
per cent. 

Lately it has been found that, by selecting a coal according to 
its grindability factor, a better determination of the correct size 
of the mill can be given to meet this characteristic of the coal. 
This insures that the basic unit in the system will be adequate for 
the delivery of the coal desired and in the degree of fineness pre- 
determined for the work. 

Coal Feeders. The twin-screw pulverized-coal feeder, Fig. 3, 
provides a nonflushing and positive-type unit. It consists of two 
forged-steel screws running in a cast-iron trough and is equipped 
with a mechanically operated agitator which prevents the coal 
from arching over the screws. A brass-plate cutoff gate is in- 
serted between the agitator casting and the feeder. Each feeder 
is equipped with a variable-speed drive and is remotely con- 
trolled by the operator or heater at each furnace. 

Burners. A burner of simplest possible design is the best for 
pulverized-coal use. Typical burners are shown in Figs. 4 and 5. 
Thousands of dollars have been expended by manufacturers to 
devise burners which would create and cause thorough mixing 
of the coal and air, and other burners in which the air surrounds 


the coal as it enters the furnace. Such types of burners have not 
proved practical. 

A typical example of such an installation will serve to indicate 
the shortcomings of such units. A copper-melting furnace of over 
200 tons capacity was fitted with three burners designed to admit 
the secondary air in a circle enclosing the core or center of the 
pulverized-coal mixture. As this mixture of coal and primary 
air entered the furnace chamber, the coal dust would fall into 
the lower half of the circle of secondary air, while the upper half 
of the circle of air as it entered the furnace would immediately 
rise away from the stream of coal. An excess of secondary air was 
then required in order to obtain complete combustion. 

In another copper plant in which a furnace of the same capacity, 
heating the same kind of material under the same conditions, 
was installed, the author took steps to overcome the difficulty 
mentioned, by using a burner consisting of a circular pipe flattened 
at the end, having an opening of 18/,in. X 14 in. wide. Directly 
below the burner mouth the secondary air was admitted through 
an opening 6in. X 14 in. wide. 

With one burner of this type placed where the center of three 
burners would be, a ratio of 160 to 180 lb of coal per ton of copper 
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melted was obtained, whereas with three circular burners in a 
row, the ratio secured was 250 lb of coal per ton of copper, be- 
sides the extra oxidation. Also, the velocity of the coal stream 
was increased with the flat burner, so that very little ash was de- 
posited on the copper bath. 

Central or Unit System. Original pulverized-coal-firing systems 
may be designated as falling into two groups, the central system 
and the unit system, Fig. 6. 

The central system consists of four divisions, namely (1) re- 
ceiving, crushing, and conveying raw coal; (2) drying, pulver- 
izing, and storing pulverized coal; (3) delivering coal to the fur- 
naces; and (4) the firing equipment. In this system all three 
divisions of the work are carried out in a building called the 
central coal plant. 

The unit system eliminates the central coal plant and requires 
the delivery of the raw coal from the point of supply to each of 
the furnaces. Unit pulverizers which grind and deliver the coal 
directly into the furnace are placed at each of the furnaces. 

Improved System. Improvements in the system are made by 


TRANSPORT TANK 


placing the coal plant at the point where the raw coal is received 
in the works, without regard‘to the location of the furnaces. The 
raw coal is received in crushed or slack form and is conveyed to 
a storage pile or large bin. From this bin, the coal is conveyed 
to a feed bin for the pulverizer or pulverizers, 

The operating cycle begins at this point, as shown in Fig. 2. 
The coal is fed into the pulverizers, ground, and dried in the mill 
by the admission of hot air at a temperature of 200 to 300 F, and 
placed into a pulverized-coal storage bin. With this method, the 
pulverizer need only be operated the number of hours required to 
grind a 24-hr coal supply for the furnaces, so that in no case will 
the pulverized coal remain in the storage bin over 48 hr. 

The pulverized coal is then available for gravity feed to a 
transport tank, where a scale is provided to apportion the desired 
quantity to each furnace. It is then delivered to substation 
storage bins through pipes of 3, 4, and 5 in. diam by means of 
compressed air. The prepared and dried coal is then measured 
and delivered to an air duct by a special feeder. The blower 
supplies sufficient air to convey the coal at the correct velocity to 
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the burner, where a secondary-air fan provides the additional air 
required for complete combustion. 

In a central system, it has been found to be good practice to 
install equipment capable of supplying pulverized coal for 1 
day’s operation in 1- or 2-hr turns, leaving one turn at least for a 
shutdown of the plant. 

Pneumatic-Transport System. Most transport systems _ in- 
volve apparatus having practically no moving parts which may 
be easily controlled. The control must be positive so that any 
predetermined quantity of fuel may be transported to any point 
in the entire system. This is an important consideration in in- 
stallations where an accurate knowledge of operating condi- 
tions and detailed costs are required. 


TABLE1 TIMEAND PRESSURE CHANGES DURING DISCHARGE 
OF TANK 


Tank Reservoir 
Time pressure, pressure, 

(March 19, p.m.) Pounds of coal psi psi 
2:295 14000 90 
2:30 Aerating the coal 
2:315 Valve opened 80 88 
2:32 10800 70 88 
2:325 7600 65 88 
2:33 5000 64 86 
2:335 2500 60 88 
2:3375 Air turned off 40 88 
2:34 450 40 90 
2:345 Coal all out of 

tank; time, 5 min 

(March 19, p.m.) 
2:525 14000 90 
2:5325 Aerating the coal 4 
2:545 am 88 
2:55 11300 67 88 
2:555 8200 65 ” 88 
3: 5800 60 88 
2:565 3500 58 88 
2:57 1800 55 88 
2:575 500 30 90 
3: Coal all out of 


tank; time, 5'/s min 


In transporting pulverized coal through a pipe, it is essential 
that the coal is being conveyed with a minimum amount of 
energy, and that no conditions arise during or after the movement 
to cause delay or other difficulty. 
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piping are used for the tank-venting and discharge pipes. In 
this system, the coal is discharged from the top of the enclosed 
tanks, then through the bottom as in the other two systems de- 
scribed. Gate and bell valves in these pipes are operated from 
the control room which contains the scale dial registering the 
amounts of coal in the tanks. From this control room, by means 
of a panel board and remote-control valve, the coal-plant operator 
may also regulate the distribution of the coal. 

Table 1 shows the time consumed in emptying a shooting 
tank, the pressure changes as the coal and air leave the tank, and 
also the pressure of the air being delivered to the tank. The line 
varies in distance from 1500 to 2100 ft with curves and varying 
elevations involving bends not calculated in the linear distances 
cited. 

Each furnace storage bin in the installation under discussion is 
fitted with electric indicator switches arranged to operate when 
the bin is empty and when it is filled. These switches are con- 
nected to electric lights on the panel board. 


ADVANTAGES OF SYSTEM 


In an improved transport system without a screw pump, in- 
stalled in 1930, the user, after 3 years of operation indicates that 
it is possible to convey 1 ton of coal for distances up to 1500 ft with 
700 cu ft of air at 60 to 70 lb gage pressure. During the 3-year 
period, this operator has transported 73.715 tons of coal, at a 
total cost for repair and maintenance of $287.40, or $0.0038 per 
ton. It may be noted that the coal was transported in 5-in. 
pipes in temperatures as low as 22 deg below zero. This system 
is in regular daily operation at the present time. 

The operator of a similar system (using 3-in. pipe) for the 
last 11 years reports that the total cost of transporting coal has 
been 1 cent per ton. During this period, no major repairs have 
been necessary. 

After 25 years of experience with this fuel, the author feels no 
hesitancy in asserting that the correct application of pulverized 
coal to any heating operation requires a knowledge of the kind 
of heat best adapted to the work to be done; it is then necessary 


The transport system may have single or multiple units, 
varying in capacity to meet the conditions existing at the 
plant under consideration. Details of a typical transport 
system (Fig. 7) are somewhat as follows: 


Tn the coal plant beneath the pulverized-coal storage | | 
bin, into which all of the pulverizers discharge their prod- "Uj 
uct, two enclosed transport or shooting tanks (Fig. 8) 


are installed. These tanks rest on scales for weighing the 
amounts of coal being transported. They may be ap- 
portioned to individual furnaces or to a group of furnaces 
to which the pulverized coal is to be delivered. 

The upper portions of these shooting tanks and the flexible 
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to design the furnace so that all the heat units released by a cor- 
rect application of pulverized-coal-firing will be utilized in the 
furnace. The combination may be elevated to the level of a pre- 
cision heating machine by applying automatic control of tem- 
perature, fuel-air ratio, furnace pressure, and of coal feed and fine- 
ness of pulverization. By such means may achievements in the 
use of pulverized coal be accomplished. 

What can be accomplished in a modern automatically con- 
trolled plant is demonstrated by the following example: 

Fig. 9 shows a longitudinal billet- or rail-heating furnace op- 
erating on two-beater-unit pulverizers. The operating company 
was persuaded to blast out the entire furnace including a solid 
concrete foundation and then to build a new furnace with new 
flues, as shown in Fig. 10. An unusual feature of the new installa- 
tion was the short period required for construction. Starting on 
May 31, 1940, while the furnace walls were hot, all the old equip- 
ment, including the complete furnace, steelwork, pulverizers, 
coal-handling equipment, and coal bin were completely de- 
molished and scrapped. The new installation was made so that 
within 10 days, on Sunday night June 16, at 6:20 p.m., after 
drying the furnace with wood fires for 42 hr, the pulverizer was 
started and in 20 min had a charge of rails heated. On Monday 
morning, June 17, regular rolling operations were started. 

The former practice on the old furnace and pulverizers was as 
follows: 

1 Start heating the furnace at 6:30 a.m. 

2 Start rolling the rails at 7:30 a.m. 

Now, with the new furnace and automatic controls, the fol- 
lowing schedule is used: 

At 6:50 a.m. city-gas pilot burners are lighted. At 7:00 a.m. 
the coal pulverizer is started and the coal is fed into the furnace 
where it ignites immediately. 


Temperature 
Time, recordings, 
a.m. deg F 
1800 
72 Sb, Start ss 


| 


TRANSACTIONS OF THE A.S.M.E, 


VA ABE RATIO RES 


FLOW 


JULY, 1943 


Fig. 11 Continvous FuRNACE Unit 
Coa.L-PULVERIZER PLANT, AUTOMATIC TEMPERATURE AND PRESSURE 
CONTROL, AND PANEL ENCLOSURE 


The foregoing figures indicate a time saving of 35 min in start- 
ing, attributable to better coal pulverization, more efficient burn- 
ers, and better combustion. 

The furnace, operating at the maximum speed of the mill, 
delivers about 120 tons of 15-ft (350-lb) rails per 7!/:-hr day. 
The fuel consumption is approximately 210 lb of coal per ton of 
steel heated. This makes an average of 16 tons per hr, there 
being from 75 to 80 rails in the furnace at all times. 

With the old furnace, using two-beater-type pulverizers, each 
being divided by a flap valve into two round burners inserted 
into the furnace 4 ft above the floor, and with pulverized coal 
having a fineness of 75 per cent through a 200-mesh screen, 340 
lb of coal were required per ton of steel heated. 

At the present time, the fuel consumption is 180 lb of coal 
per ton of steel. The fineness is 99.9 per cent through a 50-mesh 
screen and 90.1 per cent through a 200-mesh screen. The new 
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Fie. 13. ForGinc Furnaces Usine Putverizep Coat Automatic ComBusTion CONTROL 


high-velocity burners and the design of the furnace accomplish 
recirculation of the hot gases in a manner not previously achieved 
in continuous-heating-furnace design, and sweating and washing 
of the steel are eliminated. 

The control system, shown in Fig. 12, operates by using an 
inlet-measuring element, such as a venturi tube, through which 
the secondary air necessary to complete combustion pusses. A 
temperature-controlled power unit actuates a regulating valve tu 
measure the air flow in accordance with the furnace requirements. 
An air-fuel-ratio regulator, connected across a venturi tube, 
measures the air flow and generates a loading pressure, varying 


from 0 to 50 psi, in accordance with the actual quantity of air 
supplied. 

This loading impulse is transmitted to two receiving-type 
power cylinders, one connected to the mill-exhauster-fan inlet- 
damper control, and the other to the coal-feeder-drive control of 
the pulverizer. These two receiving-type power cylinders as- 
sume definite positions in accordance with the loading pressure, 
and the proper relations between primary air and fuel feed are 
maintained constant in any adjusted position. 

The coal-feeder control operates a lever on the pulverizer, to 
deliver a variable stroke which actuates a revolving-slot feeder. 


++ + ' 33 
| 46 | | 
jt | | cars 
| “ | 
| i +f 
4 
| 5 ks 
| | i 4 
| L 


Fie. 14 Purvertzep-Coat-Burnine System Wits Diacrammatic Layout or ConTROL ARRANGEMENT, Two-ForGE FURNACES 


399 


400 


This control is of the dual-acting type, having two receiving 
bellows which move the power cylinders in the desired direction; 
one is connected to the air-fuel-ratio regulator and the other to 
a mill-charge corrector. The mill-charge corrector measures the 
actual load on the pulverizer driving motor and generates a 
loading-impulse pressure which is transmitted to the second 
bellows unit of the dual-feeder driving control. 

With the bowl-type pulverizer installed, there is a definite 
amount of coal within the mill for any firing rate and fineness. 
Hence there is a definite load on the mill driving motor. The 
mill-charge collector measures this load and readjusts the feeder- 
drive-control unit whenever necessary to maintain the desired 
connections. With this arrangement, inaccuracies in the feeder 
mechanism which might result from varying sizes of coal fed, 
or from other factors are automatically compensated. 

The control of furnace pressure is accomplished in the usual 
manner by an oil-pressure power cylinder operating a water-cooled 
slide damper in the waste-gas flue, whereby heating conditions 
and furnace atmosphere remain constant. 

Fundamentally the control system for any pulverized-coal- 
fired furnace is the same and operates the same as the system for 
a similar furnace firéd with gas or liquid fuel. The input of fuel 
or air is controlled from the temperature within the furnace 
chamber, and the other element of the combustible mixture is 
held in a predetermined ratio. 

In the installation shown in Fig. 14, we insert a closed-end 
radiation element through the furnace wall opposite the burner 
where the measured temperature is as closely related to that of 
the steel as possible. When this temperature reaches the control 
point, the flow of secondary air is reduced by the efforts of the 
temperature controller to reduce the firing rate. This change in 
air flow is immediately sensed by the ratio controller which meas- 
ures the pressure drop across the venturi tube or orifice. The 
pressure drop is transformed into an electrical impulse in the 
ratio controller, which balances a similar impulse generated by 
the tachometer attached to the coal-feeder mechanism. Then, as 
the ratio controller senses the change in air flow, the electrical 
balance is disturbed and the controller restores the balance by 
reducing the speed of the coal feeder, which accomplishes the re- 
duction in heat input called for by the temperature controller. 

This automatic reduction of fuel input will continue until it 
becomes stabilized at the rate required to satisfy radiation and 
stack losses. At that time, it may be considered that the thermal 

requirements of the steel are satisfied and the billets or slabs are 
ready for forging. 

Furnace pressure is controlled in the same manner as in the 
case of a gas- or liquid-fuel-fired furnace and with the same equip- 
ment. The pressure is simply measured at a convenient point in 
the furnace and that pressure is held to a constant value by means 
of a standard regulator and suitable damper-drive mechanism. 
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It has been found that pulverized coal is as easily controlled 
to the fine degree required in high-temperature furnace work as 
any other fuel—in fact more easily than some. The results ob- 
tained show that the equipment more than pays for itself in re- 
duction in fuel rate and furnace maintenance, not to mention 
uniform quality of heating. 


OPERATING Data 


In an installation of pulverized coal on a copper-wire bar fur- 
nace, the following comparison was made between the use of 
fuel oil and pulverized coal: 

The amount saved by the use of pulverized coal over that of 
fuel oil was 38.03 cents per ton of copper; $4943.90 saved per 
month; and $59,326 saved per year. These savings were based 
upon two furnaces pouring 13,000 tons per month. 

On a malleable-iron air furnace used for melting pig iron, 
scrap and sprue, the substitution of pulverized coal for coal on 
grates has increased the tonnage of the furnace from 35 tons to 
55 tons melted in the same time. The coal consumption was 
reduced from 900 lb per ton of melt to 600 Ib per ton. 

Using pulverized coal in malleable-casting annealing ovens, to 
replace hand-firing on grates, the fuel requirement has been re- 
duced from 1000 lb of coal per ton of castings annealed to 500 Ib 
per ton. 

In addition, the annealing cycle was shortened because of the 
ability to bring the furnace up to soaking temperature more 
quickly. The coal-pulverizing costs are: Power, 12.314 cents; 
maintenance, 8.91 cents; labor, 33.68 cents, and supplies and 
overhead, 11.37 cents. The total cost per ton of coal used is thus 
66.27 cents. These figures are based upon a central pulverized- 
coal plant, where a total of about 200 tons of coal is used each 
24-hr day. When the output is 300 tons per day, the cost per ton 
is decreased to 43 cents. In a Canadian installation, pulverizing 
over 500 tons of coal per day, the total cost per ton of coal is 21 
cents. 

Pulverized coal can be used with success equal to that of other 
fuels from a thermal and control standpoint on any or all of the 
following heating operations: 


Annealing Drop forge 
Air or malleable-iron melting Forge 

Bloom Ingot 
Busheling Lead kettles 
Billets Rail heating 
Car wheel Rivet making 
Copper anode Roasting ore 
Copper billet Soaking pits 
Copper cathode Shell 

Copper reverberatory Steel 
Continuous heating Tool 

Cement kilns . Nut 

Cement driers Open hearths 
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The Dynamic Viscosity of Nitrogen 


By W. L. SIBBITT,? G. A. HAWKINS,’ ano H. L. SOLBERG‘ 


After discussing the existing data on the dynamic vis- 
cosity of nitrogen, as reported by various investigators, 
the authors present the results of a determination of the 
dynamic viscosity of nitrogen. A nickel capillary 118 ft 
long was used in the investigation. Data are reported 
which cover 45 calibration tests and 395 tests on nitrogen 
at pressures up to 1020 psia and 923 F. An equation is pre- 
sented which expresses the test results over the entire 
range of pressures and temperatures covered by the inves- 
tigation. 


N many instances it is essential to know the value of the dy- 
namic viscosity of a fluid in order to determine many of the 
important dimensionless ratios used in the solution of prob- 

lems in the fields of heat transfer and fluid mechanics. In mak- 
ing a survey of the literature preparatory to an investigation in 
heat-exchanger design, the authors found that the experimental 
data on the dynamic viscosity of nitrogen gas were very meager 
or nonexistent at the temperatures and pressures which were to 
be considered. The authors decided, therefore, to utilize part of 
the apparatus which had previously been developed under the 
sponsorship of the A.S.M.E. Special Research Committee on 
Critical-Pressure Steam Boilers for the purpose of determining 
the viscosity of steam (1)5 and to conduct experiments which 
would yield data on the viscosity of nitrogen gas. 

In 1938, Rigden (2) and Majumdar and Vajifdar (3) deter- 
mined the viscosity of nitrogen at room temperature. Trautz 
and Baumann (4) measured the viscosity of nitrogen gas up to 
482 F by means of a short capillary tube. They found the value 
of “‘Sutherland’s constant” to be somewhat lower than previous 
investigators had reported. Ribaud and Vasilesco (5) measured 
the viscosity of commercial nitrogen gas from 32 to 2912 F by 
means of a short capillary tube. They found that the viscosity 
could be represented by the Sutherland approximation if the 
Sutherland constant was made a function of the temperature. 

The data reported by Boyd (6) and by Michels and Gibson (7) 
are apparently the only sources of high-pressure viscosity meas- 
urements on nitrogen gas as found by the author’s survey of the 
literature. Boyd’s results agree with those of Michels and Gib- 
son within approximately 10 per cent, but they show a wide 
deviation between individual measurements. Michels and Gib- 
son used a modification of the Rankine design to obtain data up 
to 1000 atm and 167 F. Boyd used a short capillary tube for 
measurements up to 191 atm and 158 F. In this type of appara- 
tus, end corrections may be 10 or 20 per cent. 


' Based on a doctorial thesis, Purdue University, 1942, by one of 
the authors.? 

3 aed in Mechanical Enyineering, Purdue University. Jun. 

S.M.E. 

r 3 a of Mechanical Engineering, Purdue University. Mem. 

‘ Head, School of Mechanical and Aeronautical Engineering, Pur- 
due University. Mem. A.S.M.E. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of 
THe AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


REQUIREMENTS OF A CAPILLARY-TUBE VISCOMETER FOR MEAS- 
URING Dynamic Viscosity oF NITROGEN Gas 


In order to obtain accurate data, the authors decided to use a 
capillary tube designed and operated in accordance with the fol- 
lowing principles: 


1 The apparatus should be suitable for use over a wide range 
of pressures and temperatures, 

2 In order to minimize the possible sourees of error the resist- 
ance effect should be directly measurable. 

3 The apparatus should be designed so that corrections are 
either negligible or of the minimum possible magnitude. 

4 The capillary should be of such a length as to (a) give a 
pressure differential at the maximum operating pressure which 
could be measured accurately; (b) make the kinetic-energy- 
correction terms for the ends negligible. 

5 The capillary should be of sufficient strength to retain its 
form at the highest operating temperature and pressure. 

6 The capillary should be of a corrosion-resistant material 
such that its dimensions would not change during the period of 
operation, 

7 The diameter of the capillary should be large enough to 
make the slip-correction term negligible and give a rate of flow 
which could be accurately measured and yet give a pressure 
differential of such magnitude that it could also be measured 
accurately. 

S A uniform temperature along the entire length of the capil- 
lary should be maintained. 

9 All readings should be obtained after a steady-flow state 
has been attained as indicated by the manometer readings and 
the total pressure gages. 

10 The capillary constant should be checked at periodic inter- 
vals during the investigation. 


DeEscRIPTION OF APPARATUS 


Essentially, the apparatus consisted of a long nickel capillary, 
drier, heaters and coolers, collecting burette, and with the 
necessary valves to control the flow, and with gages, ther- 
mometers, precision potentiometer, controllers, and thermocouples 
required to record the data. A schematic diagram of the appara- 
tus is shown in Fig. 1. 

The capillary was made from 118 linear ft of seamless nickel 
tubing having inside and outside diameters of 0.09294 in. and 
0.25 in., respectively. The inside diameters of random lengths 
of tubing were checked by means of a gage. The sections were 
connected into one continuous length by facing each end square. 
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butting it against the end of the next piece in a snugly fitting 
nickel sleeve, and welding the sleeve to the tube ends. Each 
joint was examined by radiograph in order to determine the ac- 
tual position of the ends of each section and to verify that the 
channel was free from obstructions and abrupt changes in direc- 
tion. All welds were tested for strength by subjecting the entire 
capillary to a hydrostatic pressure of over 2000 psia. Three 
piezometer-ring pressure connections were made on the capil- 
lary; one near each end and one in the middle. The entire 
length of the capillary (106.2 ft between outside pressure connec- 
tion) was fastened rigidly to the rim of a steel wheel in order to 
give a mean diameter of the capillary coil of 2 ft. Since deforma- 
tion of the cross-sectional area of the capillary could have oc- 
curred when the coil was bent to a 1-ft radius, sections were cut 
perpendicular to the tangent; these sections were polished, and 
enlarged photographs were made of the capillary cross sections at 
100 diam. The photographs did not give any evidence of defor- 
mation of the circular capillary cross section. 

Seventeen iron-constantan thermocouples were cemented to 
the capillary coil and special low-thermal-capacity thermocouples 
were placed in the flow channel at the coil entrance and exit. 
The coil was surrounded by an electric heater in such a manner 
that the capillary and thermocouples were shielded from the di- 
rect radiant energy of the heater elements. The complete coil 
unit was thoroughly insulated. The power input to the heating 
element was controlled automatically by a controller and mag- 
netic switch. 

Three low-pressure manometers were constructed from stand- 
ard pressure-gage glasses, using carbon tetrachloride as a ma- 
nometer fluid. The high-pressure two-fluid manometer was con- 
structed from special gage glasses having inside and outside 
diameters of '/; in. and 1 in., respectively. The manometer 
liquids were altered from time to time for various temperature- 
and-pressure combinations so as to give as large a difference of 
liquid level as possible. By doing this, the accuracy of reading 
the differential pressure was materially increased. The liquid 
combinations used consisted of a mixture of carbon tetrachloride 
and kerosene and an aqueous sodium-chloride solution to which 
a fluorescent indicator and a corrosion inhibitor were added 
The high-pressure and low-pressure manometers were always 
checked by comparison against a standard manometer containing 
water. Before the high-pressure manometer was filled the solu- 
tions were shaken together, and then the densities of the two 
layers were determined with a Westphal balance at the tempera- 
ture at which the manometer was used. Densities of the solu- 
tions in the manometers were checked periodically during the in- 
vestigation. 

The water used in the calibration tests was heated to the same 
temperature as the capillary temperature before entering by 
means of a simple heat exchanger. After discharging from the 
capillary, the water was cooled to room temperature in a second 
heat exchanger. By means of this arrangement it was possible 
to maintain the temperature of the entering calibrating fluid 
identical with the temperature of the coil. 

The nitrogen gas taken from standard cylinders was passed 
through a calcium-chloride drier before discharging into the 
heater ahead of the capillary tube. After passing through the 
gas heater and capillary tube, the nitrogen was cooled by direct 
contact with a saturated sodium-chloride solution in a spray 
chamber. A submerged coil in the spray chamber maintained 
the circulating solution at a constant temperature. The cooled 
gas was then collected over a saturated sodium-chloride solution 
in a 4-1 burette which had been calibrated by weighing the water 
delivered. Trial tests indicated that the gas-collecting-and- 
measuring unit gave a reproducibility of 1 sec in 300 when the 
pressure variation was less than 1 cm of water. During the actual 
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tests the pressure in the measuring burette was easily held 
within a maximum variation of 0.5 cm of water. The burette 
and accessories were all enclosed in an insulated cabinet. 


Viscosity EQUATION FOR THE CAPILLARY 


Poiseuille’s law which applies to the viscous flow of a fluid 
in a straight capillary, with correction factors for the kinetic 
energy and end losses, may be stated as follows 


AP MpQ (1) 
where a = viscosity 

r = radius of capillary 
AP = pressure differential 

Q = volume of flow per unit of time 

l = length of capillary 

M = constant 


p = density of fluid 


For a straight tube, in which the kinetic energy and end cor- 
rections are negligible, the equation reduces to the following form- 


where W = weight rate of flow 
v = specific volume of fluid 


D = diameter of capillary 


For a given capillary, the diameter and length values may be 
combined with (7/128) to form a constant. Equation [2] then 
may be written 


» may be expressed in centipoises if consistent units are used 
throughout, and the necessary conversion factors are embodied in 
Cs. 

For curved capillaries Equation [3] must be modified to ac- 
count for the effect of curvature of the capillary. This is ac- 
complished by introducing a factor ¢ which is a function of the 
Reynolds number and the curvature of the capillary and diame- 
ter of the bore. Equation [3] corrected for curvature is repre- 
sented by 


According to White (8), the general hydrodynamic equation 
for evaluation of ¢ is presented in the following form 


z = aconstant 


D = inside diameter of capillary 
d = diameter of coil 


where 


WATER-CALIBRATION TESTS 


Water was used in the tests to determine the factor ¢, since the 
dynamic viscosity of water is known for moderate temperatures. 
Each test consisted of passing water at a predetermined rate 
through the capillary and recording the pressure differential, 
temperature, and weight rate of flow. 

The value of the Reynolds number was computed from test 
data by means of the following relation 


_ xD‘ AP 

C,AP 

CigAP 

Wo [4] 
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where V = velocity of flow 


The results of the calibration tests gave the following values 
for the various items in Equation [5]: 


x = 0.442 
Ro = 202.5 


Fig. 2 represents a plot of the curvature function ¢, against 
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the Reynolds number R, as determined from 43 test points. The 
average deviation of the 5 worst points was 5 per cent. 


NITROGEN-Viscosity TESTS 


By means of the calibration data the final viscosity values were 
determined independently of the actual value of the capillary 
diameter. However, the accuracy of the results is dependent 
upon the water-viscosity values used. The values used in this 
program were taken from the work of Dorsey (9). 

The test procedure was similar to that followed during the cali- 
bration; however, special care was necessary to insure steady- 
state flow conditions. 

The value of the viscosity at a specific temperature and pres- 
sure was determined by successive approximation from Equa- 
tions [4] and [6]. It was necessary to employ the compressibility 
isotherms of nitrogen gas (10) and to extrapolate the compres- 
sibility data for the higher temperatures. 


Test RESULTS 


The viscosity of nitrogen gas was determined at temperatures 
and pressures ranging from 68 F to 923 F and 14.7 psia to 1020 
psia, 

The Reynolds numbers varied from 10 to 1000 during the ni- 
trogen-gas tests. However, due to the more difficult experimen- 
tal technique at the high Reynolds numbers most of the tests 
were carried out at Reynolds numbers below 200. By conduct- 
ing the tests at very low Reynolds numbers the testing technique 
was simplified, and the effect of curvature of the capillary was 
eliminated. 

In order to correlate all of the data from 395 nitrogen tests, 
it Was necessary to compute temperature and pressure coef- 
ficients in order to transform the data to a uniform basis. For 


403 


example, for a series of tests at 500 psia, the pressure, although 
constant for one test, would vary slightly from one test to an- 
other. 

All of the viscosity values were corrected for the increase in 
diameter of the capillary due to thermal expansion of the metal 
at the high temperatures. 

The curves, shown in Figs. 3 and 4, represent the smoothed 
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plots of data for the 395 tests. The mean deviation of test points 
was 2.7 per cent with one point deviating 10 per cent from the 
average. The next greatest deviation occurred for one test point 
which was 6.6 per cent. 

The large amount of experimental data collected during this 
investigation has made it impossible, because of space limita- 
tions, to present all of the tables of test data. However, these 
data are available at Purdue University for examination by 
anyone who is interested. Thirty different manometer fluid 
combinations were employed in order to obtain large pressure 
differentials over the entire range of tests conducted. This vari- 
able alone increased the number of tables required to formulate 
the data. 
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Examination of Figs. 3 and 4 reveals that the temperature 
influences the viscosity of nitrogen gas far more than does the 
pressure. An increase in temperature from 100 to 1000 F at 
atmospheric pressure changes the viscosity from 1.8 (10-*) to 
3.38 (10~*), while a change in pressure from atmospheric to 1000 
psia at a constant temperature of 100 F causes an increase in vis- 
cosity from 1.8 (10-2) to 1.96 (10-2). 

The value obtained by Rigden (2) at atmospheric pressure and 
a temperature of 62.6 F agrees within 2 per cent of the value ob- 
tained by the authors. Rigden did not experiment at tempera- 
tures in excess of 62.6 F. The reported values at 73.4 F and 
atmospheric pressure agree within 2 per cent of the value reported 
by Majumdar and Vajifdar (3). The Trautz and Baumann (4) 
results over the temperature range from 61 to 482 F at atmos- 
pheric pressure agree within less than 2 per cent of the authors’ 
values. 

The results of Boyd (6) covered ranges of temperatures and 
pressures from 86 to 158 F and 1050 to 2810 psia. His results 
at a pressure of 1050 psia and at temperatures of 86 F and 158 F 
are approximately 7 per cent higher than the corresponding values 
reported by the authors. The vilues presented by Michels and 
Gibson (7) at pressures of 226 and 850 psia through a tempera- 
ture range from 77 to 167 F agree within 1 per cent of those re- 
ported in this paper. 

An attempt was made to express the results herein presented 
by means of the equation used for determining the viscosity of 
gases, as based on the kinetic theory. The usual form of the 
equation is 


The value of C is known as the “Sutherland constant;’”’ however, 
it is not a true constant as it is usually expressed as a function of 
the temperature 7’. 

Basing the Sutherland constant on the data obtained in the 
temperature range of 100 to 200 F and at atmospheric pressure, 
it was found that the equation gave results which were approxi- 
mately 5 per cent too high at 1000 F. While an equation of this 
type could be used for approximating the results, an empirical 
equation was finally developed which fitted the results with a 
maximum deviation of 1.6 per cent over the entire range of pres- 
sures and temperatures investigated. This equation may be ex- 
pressed as follows: 


wp = (A + + (BT + CT? + DT........ [8] 
= (p — 14.7) [aT + bT? + cT4}.......... [9] 


= —8.80 xX 
= 7.00 x 10-5 
= —4.67 X 10-8 
1.283 X 107"! 
= 8.08 x 10-° 
= —1,20 x 

= 4.76 X 107 

= absolute temperature, R 
= pressure, psia 


eg 


It is hoped that the results herein presented will aid the engi- 
neer in making more accurate predictions relative to the viscosity 
of air and other gases, for which the viscosity data are lacking 
or not entirely satisfactory. The results should give a better 
understanding of the effect of pressure on the viscosity of gases 
similar to nitrogen, 
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Discussion 


K. A. GarpNERr.*® In connection with the viscosity of gases at 
high pressure, attention should be called to a paper by Comings 
and Egly,’ which presents an empirical correlation from data on 
many gases of the ratio u/u, in terms of reduced temperatures 
and pressures; u is the viscosity at high pressure and yg is the 
viscosity at atmospheric pressure and the same temperature. 

In the equation previously given by Dr. Leib, which is due to 
Enskog,® the quantity b is considered constant. This being the 
case, if the ratio u/u, for any given substance be plotted against 
p, a single curve should be obtained for all temperatures. Actu- 
ally, this is not the case for Michels and Gibson’s data on nitro- 
gen for, although they report excellent agreement with Enskog’s 
equation at any one temperature, the writer finds that separate 
curves are obtained for each of the three temperatures at which 
their data were taken. In an attempt to reduce these results to a 
single curve, the writer assumed that the sole cause of the varia- 
tion of the viscosity ratio with temperature is the reduction of the 
effective diameter of the molecules with increasing temperature, 
thus causing a variation in b; this is consistent with Sutherland's 
explanation of the fact that the viscosity of gases does not vary 
directly with the square root of the absolute temperature, al- 
though kinetic theory indicates that it should. 

Enskog and others give the following equations 
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c = 0.921 [12] 
m 
where o = diameter of molecule 
m = mass of molecule 
¢ = average molecular velocity 
k = Boltzmann constant 


From these it may be deduced that 


M ve Ma 


where M = molecular weight 
T = absolute temperature, K 
Ma = Viscosity at 1 atm and T' K, poises 
b = viscosity covolume, ce per g 


Good correlation is obtained by plotting u/u, versus bp, where 
b is determined from Equation [13], Fig. 5 of this discussion. 


gases such as oxygen, carbon monoxide, ete. As mentioned, 
however, the same curve does not seem to apply to more complex 
molecules. 


M. Jako.’ Viscosity is one of the essential physical proper- 
ties used in heat-transfer work. It occurs in the Reynolds, 
Prandtl, and Grashof numbers and in some other dimensionless 
groups. It is gratifying that the influence of high pressure, about 
which little only was known before, has now been determined in a 
reliable manner for steam and nitrogen by the group of men work- 
ing together at Purdue University, and it is hoped that data for 
other gases will follow. 

The authors corrected their values for the influence of the curva- 
ture of their coil using the results of C. M. White. It is not so 
generally known that according to White the critical Reynolds 
number increases with the ratio D,/D, where D, is the inner 
diameter of the tube and D, the mean coil diameter. Interpolat- 
ing the values given in White’s paper, the writer estimates that 
for the authors’ coil the critical number would be about 4500, 
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The foregoing is independent of the exact form of Enskog’s 
equation for u/u,; however, a comparison may be made by re- 
ducing this equation to a series, which results in 


= 1 + 0.175bp + 0.8651 (bp)? +........... [14] 


The lack of terms beyond the third should cause little error at 
moderate densities, so the available terms of Equation [14] are 
shown as the solid line in Fig. 5; it can be seen that good agree- 
ment with the nitrogen data is obtained. However, the data for 
carbon dioxide do not fall on the same curve and those for 
n-butane do not fit either one. 

Inasmuch as the temperature range of Michels and Gibson’s 
data was only from 20 C to 75 C, the test of the correlation sug- 
gested is not very rigorous, and it would be interesting to learn 
from the authors how their high-temperature data compare with 
Fig. 5 of this discussion. Should the agreement prove satis- 
factory, Fig. 5 could be used with confidence for nitrogen at any 
temperature and pressure and probably also for other diatomic 
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i.e., more than double the ordinary value. It might be worth 
while to check this by experiments at different pressures, and the 
writer suggests that the authors undertake this additional work. 


E. F. Lyre.'° The authors present an empirical correlation of 
their experimental results in their Equation [8]. Nitrogen at 
high pressure is in the state of a dense gas. A formula for the 
dynamic viscosity of dense gases is available and was derived 
from Enskog’s theory of the molecular collisions in a dense gas. 
The authors’ data are in close agreement with this formula which, 
therefore, may be quoted." 
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Examination of Figs. 3 and 4 reveals that the temperature 
influences the viscosity of nitrogen gas far more than does the 
pressure. An increase in temperature from 100 to 1000 F at 
atmospheric pressure changes the viscosity from 1.8 (10-*) to 
3.38 (10-*), while a change in pressure from atmospheric to 1000 
psia at a constant temperature of 100 F causes an increase in vis- 
cosity from 1.8 (10~*) to 1.96 (10~*). 

The value obtained by Rigden (2) at atmospheric pressure and 
a temperature of 62.6 F agrees within 2 per cent of the value ob- 
tained by the authors. Rigden did not experiment at tempera- 
tures in excecs of 62.6 F. The reported values at 73.4 F and 
atmospheric pressure agree within 2 per cent of the value reported 
by Majumdar and Vajifdar (3). The Trautz and Baumann (4) 
results over the temperature range from 61 to 482 F at atmos- 
pheric pressure agree within less than 2 per cent of the authors’ 
values. 

The results of Boyd covered ranges of end 
pressures from 86 to 158 F and 1050 to 2810 psia. His results 
at a pressure of 1050 psia and at temperatures of 86 F and 158 F 
are approximately 7 per cent higher than the corresponding values 
reported by the authors. The values presented by Michels and 
Gibson (7) at pressures of 226 and 850 psia through a tempera- 
ture range from 77 to 167 F agree within 1 per cent of those re- 
ported in this paper. 

An attempt was made to express the results herein presented 
by means of the equation used for determining the viscosity of 
gases, as based on the kinetic theory. The usual form of the 
equation is 


Cc 


The value of C is known as the ‘Sutherland constant;”’ however, 
it is not a true constant as it is usually expressed as a function of 
the temperature 7’. 

Basing the Sutherland constant on the data obtained in the 
temperature range of 100 to 200 F and at atmospheric pressure, 
it was found that the equation gave results which were approxi- 
mately 5 per cent too high at 1000 F. While an equation of this 
type could be used for approximating the results, an empirical 
equation was finally developed which fitted the results with a 
maximum deviation of 1.6 per cent over the entire range of pres- 
sures and temperatures investigated. This equation may be ex- 
pressed as follows: 


p= (A+ £) + (BT + CT? + DT........ [8] 


(p — 14.7) [aT + bT? + cT4).......... [9] 


E 

A = —8.80 X 10-3 

B = 7.00 X 10-5 

C = —4.67 x 10-8 

D = 1,283 X 10-™ 

a = 8.08 X 107° 

b = —1.20 X 10-" 

c = 4.76 X 107% 

T = absolute R 
p = pressure, psia 


It is hoped that the results herein presented will aid the engi- 
neer in making more accurate predictions relative to the viscosity 
of air and other gases, for which the viscosity data are lacking 

or not entirely satisfactory. The results should give a better 
understanding of the effect of pressure on the viscosity of gases 
similar to nitrogen, 
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Discussion 


K. A. Garpner.* In connection with the viscosity of gases at 
high pressure, attention should be called to a paper by Comings 
and Egly,’ which presents an empirical correlation from data on 
many gases of the ratio u/u, in terms of reduced temperatures 
and pressures; y is the viscosity at high pressure and y, is the 
viscosity at atmospheric pressure and the same temperature. 

In the equation previously given by Dr. Leib, which is due to 
Enskog,* the quantity b is considered constant. This being the 
case, if the ratio u/u, for any given substance be plotted against 
p, a single curve should be obtained for all temperatures. Actu- 
ally, this is not the case for Michels and Gibson’s data on nitro- 
gen for, although they report excellent agreement with Enskog’s 
equation at any one temperature, the writer finds that separate 
curves are obtained for each of the three temperatures at which 
their data were taken. In an attempt to reduce these results to a 
single curve, the writer assumed that the sole cause of the varia- 
tion of the viscosity ratio with temperature is the reduction of the 
effective diameter of the molecules with increasing temperature, 
thus causing a variation in b; this is consistent with Sutherland’s 
explanation of the fact that the viscosity of gases does not vary 
directly with the square root of the absolute temperature, al- 
though kinetic theory indicates that it should. 

Enskog and others give the following equations 
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v = diameter of molecule 

m = mass of molecule 

¢ = average molecular velocity 
k = Boltzmann constant 


From these it may be deduced that 


where 


M = molecular weight 

T = absolute temperature, K 

Me @= Viscosity at 1 atm and 7 K, poises 
b = viscosity covolume, cc per g 


Good correlation is obtained by plotting u/u, versus bp, where 
b is determined from Equation [13], Fig. 5 of this discussion. 
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gases such as oxygen, carbon monoxide, etc. As mentioned, 
however, the same curve does not seem to apply to more eomple - 
molecules. 


M. Jaxos.* Viscosity is one of the essential physical proper- 
ties used in heat-transfer work. It occurs in the Reynolds, 
Prandtl, and Grashof numbers and in some other dimensionless 
groups. It is gratifying that the influence of high pressure, about 
which little only was known before, has now been determined in a 
reliable manner for steam and nitrogen by the group of men work- 
ing together at Purdue University, and it is hoped that data for 
other gases will follow. 

The authors corrected their values for the influence of the curva- 
ture of their coil using the results of C. M. White. It is not so 
generally known that according to White the critical Reynolds 
number increases with the ratio D,/D, where D, is the inner 
diameter of the tube and D, the mean coil diameter. _Interpolat- 
ing the values given in White’s paper, the writer estimates that 
for the authors’ coil the critical number would be about 4500, 
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The foregoing is independent of the exact form of Enskog’s 
equation for u/u,; however, a comparison may be made by re- 
ducing this equation to a series, which results in 


= 1 + 0.175bp + 0.8651 (bp)? +........... [14] 


The lack of terms beyond the third should cause little error at 
moderate densities, so the available terms of Equation [14] are 
shown as the solid line in Fig. 5; it can be seen that good agree- 
ment with the nitrogen data is obtained. However, the data for 
carbon dioxide do not fall on the same curve and those for 
n-butane do not fit either one. 

Inasmuch as the temperature range of Michels and Gibson’s 
data was only from 20 C to 75 C, the test of the correlation sug- 
gested is not very rigorous, and it would be interesting to learn 
from the authors how their high-temperature data compare with 
Fig. 5 of this discussion. Should the agreement prove satis- 
factory, Fig. 5 could be used with confidence for nitrogen at any 
temperature and pressure and probably also for other diatomic 


i.e., more than double the ordinary value. It might be worth 
while to check this by experiments at different pressures, and the 
writer suggests that the authors undertake this additional work. 


E. F. Lypz.'° The authors present an empirical correlation of 
their experimental results in their Equation [8]. Nitrogen at 
high pressure is in the state of a dense gas. A formula for the 
dynamic viscosity of dense gases is available and was derived 
from Enskog’s theory of the molecular collisions in a dense gas. 
The authors’ data are in close agreement with this formula which, 
therefore, may be quoted." 
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The ratio of the viscosity yu’ at any pressure to the viscosity u at 
atmospheric pressure and the same temperature is 


bp 4 5 + 0.7614 inx). .- (loc. cit. p. 286) 


where p = density 
b = —— van der Waals’ covolume...(loc. cit. p. 274) 


m = mass of one molecule, from molecular weight 
o = closest approach of center of molecules during col- 
lision, nearly equal to diameter of molecule, but 
not exactly a constant 
x = a factor greater than unity, accounting for reduction 
of space available for motion of a molecule 
(loc. cit. p. 275) 


When the 7p, », 7 relations of the gas are known, the combined 
quantity bpx is obtained from a modified van der Waals’ equation 
of state 


Pp + ap* = RTp(1 + dpx).......... (loc. cit. p. 288) 
by differentiation (22) = Rpe(1 + bpx) 
p 


When the change of pressure with temperature is known from 
observation, the quantity bex can be calculated and substituted 
in the viscosity equation. Usually, the variation of o or, respec- 
tively, b with pressure is not known, and the molecular diameter 
is substituted for o if the viscosity relation is used to calculate 
u’/u. If the viscosity ratio is known from observation the 
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variation of b or o with pressure can be calculated from the vis- 
cosity equation. This determines a in the equation of state. 

To calculate the viscosity y’ directly, a relation for viscosity at 
atmospheric pressure and various temperatures is needed. Vari- 
ous modifications of Sutherland’s formula have been suggested. 
The following formula gives satisfactory results: 


where k = Boltzmann’s constant. 

Attention may be called to the relatively small effect of pressure 
on the viscosity of a substance in the state of a dense gas, as com- 
pared with the considerable effect of pressure on the viscosity of 
a substance in the vapor state of moderate density, e.g., super- 
heated steam.}* 
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A reliable formula for the dynamic viscosity of gases over a 
wide range of pressures and temperatures is highly desirable, 
but additional data at various temperatures and pressures 
should be obtained for a number of other gases before a general 
equation can be developed upon which reliance may be placed. 
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Tests of Steam-Pipe Insulation 


By E. A. ALLCUT,! TORONTO, CANADA 


In connection with various war projects some questions 
arose which made it necessary to design an apparatus suita- 
ble for testing the heat transmission through cylindrical 
samples of various kinds of thermal insulating material 
used for protecting hot pipes. With this apparatus the 
properties of spun rock wool (which is used as an alterna- 
tive to magnesia) were investigated with regard to the 
effects of density, binder, and thickness. Other experi- 
ments were made on glass wool and corrugated asbestos. 
The influence of wind and the protection of the outer sur- 
face of the insulation by metallic coverings were investi- 
gated, as also was the protection of fabric coverings by 
paints of various kinds and colors. It was found that even 
bright metals such as copper and aluminum made but 
slight difference in the heat losses, and that most paints 
increased the losses as compared with those from the un- 
painted fabric. The details are given in the seven tables 
and seventeen curves accompanying this paper. 


INTRODUCTION 


ROBLEMS which arose in connection with the construc- 
Pies and operation of plants for war industries made it 
desirable to obtain, by actual test, the heat-transmission 
characteristics of some of the materials used for the insulation of 
pipes conveying steam and other hot fluids. Many of these pipes 
were exposed to wind and weather and therefore it was desirable 
that the length of the test specimen be restricted to 3 ft or less, so 
that air could be drawn across its outside surface by means of a 
fan which was available for that purpose. 

The obvious difficulties of controlling steam pressures and tem- 
peratures, and the objection to the use of a long pipe, prompted 
the decision to employ electric heating which was easier than 
steam to install and control. Moreover, an apparatus that was 
small, light, and self-contained could be made portable and 
could be placed in any convenient location. The apparatus as 
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finally designed and constructed, Fig. 2a, fulfilled these conditions, 
was provided with electrical energy from an ordinary lighting 
fixture, and could be operated with a single measuring instrument, 
i.e., a portable potentiometer. It was realized that with so short 
a pipe length the greatest experimental difficulties were likely to 
be experienced with specimens of large diameter, and therefore a 
pipe diameter (external) of 8.43 in. was selected for the first series 
of tests. The weights of the insulation and wiring were supported 
by a porcelain tube 8 in. diam, supported at its ends on two 
transite blocks, each 3 in. thick, Fig. 1. On the outsides of these 
were mounted cork slabs, each 2 in. thick, to reduce “end losses.” 
The heating coils were wound on the tube in three sections, the 
central one being 15 in. long and each of the two end sections 7!/; 
in. long, leaving a space of 1 in. between each pair of coils. 

All measurements of heat losses were made on the central coil, 
the end, or guard, windings being separately controlled by rheo- 
stats, so that there was no drop in temperature at the two ends of 
the 15-in. section. Thus no heat traveled along the test speci- 
men, and the electrical energy supplied to the center section indi- 
cated the quantity of heat flowing radially through the material. 
This was controlled by means of five sets of four thermocouples 
each, 

Two sets of these were situated */, in. inside and 3/, in. | 
outside the central test section at each end, respectively, with 
one set in the center, Fig. 1. The temperatures were adjusted by 
wire rheostats which varied the current through each of the three 
windings. The temperature of the outer surface of the pipe cover- 
ing was measured in the center by four shielded thermocouples 
placed at equal distances around the circumference. Preliminary 
tests showed that this number was sufficient, as there was prac- 
tically no change in temperature along the 15 in. length, pro- 
vided that the internal temperatures were properly adjusted. 

The tests were made at different internal temperatures both 
with natural air circulation and with wind velocities up to 20 
mph, Table 1. It was found that with magnesia pipe covering 
1!/, in. thick, there was little difference in the heat losses with 
wind speeds varying from 11 to 20 mph, and therefore 
most of the remaining “‘wind” tests were made at air speeds of 
about 15 mph. The position of the apparatus was also varied to 
determine if the change of natural air circulation with the pipe 
held horizontally in various positions affected the results ma- 
terially, but no appreciable difference was observed. 

In view of previous experiences with tests on flat samples of in- 
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Fig. 2(4) View or 2-In. Testing APPARATUS 
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thermocouples to be used. This expectation was realized in prac- 
tice, and the 2-in. apparatus was used exclusively in the later 
tests, Tables 4 to 7. 


CoMPARISON OF RESULTS ON 8-IN- AND 2-IN-D1AM APPARATUS 


The first tests were made on the 8-in. apparatus with 85 per 
cent magnesia pipe covering 1'/, in. thick, covered with white 
canvas, and the results obtained are shown in Fig. 3. The 
mean temperature in all curves is the arithmetic mean between 
the surface temperatures of the inside and outside of the pipe 
covering.’ This is a convenient basis of comparison, because the 
temperature gradient through the material is very nearly a 
straight line (2). The “conductivity” k is expressed in British 
thermal units per hour per degree temperature difference between 
the inside and outside surfaces, per inch of thickness per square 
foot of logarithmic-mean area. This is a method frequently em- 
ployed for evaluating these materials but is of doubtful utility 
from a comparative standpoint. Conductivity should be solely 
a characteristic of the material tested, but the results of this cal- 
culation on a given material vary also with external conditions. 

The sample of magnesia used in these tests had a density of 
10.5 lb per cu ft, and the results obtained were so close to those of 
Gard (3) for magnesia of 12 lb per cu ft, that it was impossible to 
draw two curves between them, Fig. 3 (curve C). Similar results 
obtained by Jakeman (4) curve D, and others published by the 
Atlas Asbestos Company, (5) curve FE, are also included for com- 
parative purposes. Other curves given by McMillan (2), Mc- 
Adams (6), and others, curve A, and from the latest edition of | 
Kent’s Handbook (7), curve B, show higher conductivities than 
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Fig. 2(b) Construction or Heatine ELeMents IN 2-In. TesTtiING APPARATUS 


sulating material (1),2 it was questionable as to whether the re- 
sults obtained on large pipe coverings would also be applicable to 
small ones. For this reason, a similar apparatus was constructed 
to test coverings suitable for pipes of 2in. ID. As trouble had 
been experienced due to cracking of the porcelain tube in the 
larger apparatus, this was replaced by concentric sections of 2-in. 
and 1'/,-in. steel tubing supported on transite blocks and held 
together by a central bolt, Fig. 2(6). The resistance windings were 
placed between these two steel tubes, and the central section, 
which was 16'/, in. long, was separated from the end sections by 
1/s-in. gaps filled with asbestos paper. It was hoped that this 
arrangement would be more durable than the porcelain tube and 
that the high conductivity of the metal would assist in the uni- 
form distribution of heat and would enable a smaller number of 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. : 


these, but the latter probably apply to pipe coverings averaging 
about 17 lb per cu ft, as this was the density generally used in 
American practice. 

Further tests were made in the 2-in. apparatus on 85 per cent 
magnesia pipe covering having a density of 12 lb per cu ft and 
about 1.2 in. thick; the results of these, Table 4, are included in 
Fig. 3, curve F. The two curves F and C are so close together 
that the difference between them is negligible. For convenience, 
these two curves are-reproduced to a larger vertical scale in Fig. 4. 
The consistency of these and other test results appeared to indi- 
cate that the method employed was correct within reasonable 
commercial limits. 

Other tests were made on spun rock wool, the sample being 
machine-made, 1.1 in. thick, and having a density of 10.3 lb per 


* For convenience, the approximate pipe temperature for an air | 
temperature of 70 F is also included. 
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Fic. 3 Comparative Tests on 85 Per Cent Magnesia Pips 
CovERING 


A MeMillan; 17 lb per cu ft y (approx) 
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Fig. 4 CoMPARATIVE Tests ON AND SpuN Rock Woon 


P 8pun rock wool, 8 in. diam; 1.2 in. thick, 10.5 Ib per cu ft 
R_ Spun rock wool, 8 in. diam; 1.2 in. thick, lb per cu ft 
W Spun rock wool, 2 in. diam; 1.1 in. » Te 16.5 Ib per cu ft 


cu ft. This is compared, in Fig. 4, with the results obtained on 
similar samples of spun rock wool‘ (series P and R, Table 1), 
using the 8-in. apparatus. Here again, there appears to be no 
material difference in the values of k, as calculated from observa- 
tions made on the two sizes of specimen. 

It is noteworthy, Fig. 3, that apart from the Jakeman (4) 
results, curve D, the curves for magnesia are approximately paral- 
lel, indicating that the temperature coefficients are about the 
same, irrespective of differences of size and density. 

For convenience, curves A and C have been reproduced on 
several of the other diagrams, as they are considered to be repre- 
sentative of the results obtainable on 85 per cent magnesia of 17 
and 12 lb per cu ft density, respectively. 


Spun Rocx Woot; Errects oF DEensiTy AND THICKNESS 


The curves in Figs. 5 and 6 show the results obtained on samples 
of spun rock wool when tested in the 8-in. apparatus, and the letters 
on the curves refer to the series letters in Table 1. In Fig. 5, the 
heat lost per square foot of pipe surface (internal area of pipe 
covering) per hour has been plotted against the mean tempera- 


4 See Appendix. 
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ture of the material. The quantity of rock wool present in each 
“thickness” group is about the same, differences in density being 
due mostly to the varying amounts of “binder” present. Curves 
P and R refer to thicknesses of about 1.2 in. and, as their densi- 
ties are similar, there is no great difference in the results ob- 
tained. The apparent difference in their respective conductivi- 
ties, indicated in Fig. 4, is partly due to the large vertical scale, 
and possibly also to differences in the physical structure of the 
two samples (8). Curves L, K, and H form another series for 
specimens varying from 2 to 2.3 in. thick with densities varying 
from 7.5 to 14 lb per cu ft. It is evident that the difference in den- 
sity does not affect the results seriously in this material. 

A similar observation applies to curves E and F for samples 3.2 
in. thick and different densities. A high density increases the 
weight and stiffness of the heat insulation but, within the limits 
of these tests, does not appear to influence considerably its heat- 
transmission properties. It was noted, however, in the case of 
samples heated internally to temperatures of about 1000 F that 
those materials containing large amounts of binder became more 
brittle inside than did those with smaller amounts of binder. 

The curves marked N and “magnesia,” respectively, give com- 
parative results obtained on spun rock wool and magnesia of 
about the same thickness and density. There is little difference 
between them up to a mean temperature of about 320 F (pipe 
temperature approximately 500 F), spun rock wool having a 
slight advantage. Magnesia is slightly better above that tempera- 
ture, the difference between them at 375 F (pipe temperature 
approximately 600 F) being about 5'/, per cent. The rock wool, 
however, can apparently be used over a wider range of tempera- 
tures, as prolonged heating (without vibration) for about 30 hr 
at 1000 F did not appear to produce appreciable disintegration, 
unless there was an excessive amount of binder present. 

The influence of thickness on the “conductivity” of rock wool is 
indicated in Fig. 6. Here the specimens were of the same in- 
ternal diameter, but had thicknesses varying from 1.16 to 3.25 in. 
The curves are all of similar form, indicating an increasing tem- 
perature coefficient as the mean temperature rises. Curves A 
and C are reproduced from Fig. 3 to give a comparison between 
the various samples of rock wool and 85 per cent magnesia of dif- 
ferent densities and 1.5 in. thickness. The results obtained indi- 
cate that the method of packing or arranging the fibers has a 
more important bearing upon the conductivity than does 
the thickness. Curves H and L refer approximately to the same 
thickness, and the lighter material L gives slightly lower conduc- 


” tivities than does the heavier H, but the difference between them 


is very small. Curves S, 7, and U were obtained on the 2-in. 
apparatus, and in this series the conductivities were lower in 
spite of the higher density of the material. 

The curve for the light magnesia crosses the rock-wool curves 
for the 8-in. apparatus in the mean temperature range 290 to 410 
F (pipe temperature 450 to 650 F), and those for the heavy mag- 
nesia at 380 to 460 F (pipe temperature 600 to 750 F). Below 
these temperatures rock wool has a lower conductivity than mag- 
nesia. 

TABLE 2 APPROXIMATE PERCENTAGE INCREASE OF HEAT 


LOSS FROM 8-IN. INSULATED PIPE WHEN SURFACE IS EXPOSED 
TO A WIND OF 15 TO 20 MPH 


Temperature difference, 
——pipe to air, deg F—. 


250 350 450 550 750 
A magnesia, canvas 


11 8 7 

B-C magnesia, aluminum 
or copper covered 15 
D ae ~ ho rock wool, iron 
uminum paint on out- 


Description 
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Fig. 5 Errect or THICKNESS AND DENSITY ON HEAT TRANSMISSION OF SpuN Rock 


Woot; 8 In. Diam 


R Thickness 1.2 in.; density 9.4 lb per cu ft pitot tube about 16 in. in front of the pipe cover- 
P Thickness 1.2 in.; density 10.5 lb per cu ft re a P 
L Thickness 2.0 in.; density is Ib per cu ft ing and indicate a mean air velocity of 16.5 mph. 
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Macuine-Mape Spun Rock Woot; 8 In. anp 2 In. Diam 


H Thickness 2.3 in.; density 9.0 lb per cu ft; 8 in. diam 0 
in.; per cu ft; 0 100 200 300 400 500 600 700 800 90 1000 

hickness 3.25 in.; density 9. per cu ft; 8in. diam - ? 
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protection on the outside of the insulation, are 
given in Fig. 7, in which the heat loss per square 
foot of pipe surface (inner surface of covering) is 
plotted against the difference in temperature be- 
tween the atmospheric air (/¢) and the mean tem- 
perature of the inner surface (t,) of the insulation. 
The comparative losses with still air and with air 
approaching the surface at a mean velocity of 15 
to 20 mph are given in Table 2. Curves A refer to 
85 per cent magnesia (series A, Table 1) covered 
with canvas. The tests were repeated with the 
same samples covered with thin aluminum foil 
(series B) and electrolytic copper (series C), re- 
spectively. As might be expected, it makes little 
if any, difference which of these metals is em- 
ployed, as only one curve can be drawn through 
the points. Curves D and M refer, respectively, 
to spun-rock-wool blankets approximately 1 and 2 
in. thick, surrounded by a sheet of 28-gage black 
iron, painted inside and out with one coat of rust- 
resisting paint and one coat of aluminum paint. 
The flanged joint of this cover was placed down- 
stream to avoid interference with the air flow. The 
distribution of air velocities was taken with a pitot 
tube and is shown in Fig. 8. The readings on the 
table at the right of Fig. 8 were taken with a 


Errect or WIND D Spun rock wool 1 in thick, aluminum paint on sheet iron 
A Magnesia in. thick, canvas cov: 
The results of experiments, made with air approaching the pipe 3 Magnesia 1!/; in. thick, aluminum covered 
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at a velocity of about 16 mph, and with various kinds of metallic paint on sheet iron 
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8, were taken at the minimum areas available for air flow above 
and below the pipe covering. 

The effect of wind in reducing the mean temperature of the 
outside surface is shown in Fig. 9, where the difference of tem- 
perature (4 — ta) is plotted against (¢, — ts) for the different se- 
ries of experiments (Table 1). Separate curves are drawn for 
canvas covered (A) and aluminum covered (B) magnesia with still 
air, and one average curve (AB) is drawn for both of them with 
wind velocities of about 16 mph. When exposed to wind the 
temperature difference between outer surface and air was reduced 
- to 20 to 25 per cent of its “still-air” value. This reduction was 
greater in the case of metal coverings than with canvas covers. 


Surrace Errects AIR 


The othe: curves in Fig. 9 give the appropriate temperature 
differences 1. rious thicknesses of spun rock wool (machine- 
made samples), .. detailed in Table 1. The temperature differ- 
ences between surface and air become less with increasing thick- 
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Fic. 10 Heat Losses From Ovurtsipp Surraces or 8-In-D1am 
CovERING 


Spun rock wool, cotton cover 

Magnesia (Heilman), canvas cover 

Magnesia Allcut), canvas cover 

Spun rock wool, aluminum paint on sheet iron 
agnesia (MeMillan), canvas cover 

Magnesia (Allcut), copper and aluminum covers 


TABLE 3 REDUCTION OF HEAT LOSS FROM SURFACE WHEN 
METALLIC COVERING | stp FOR CANVAS ON OUT- 


Reduction of 
Tem ture Btu per sq superficial 
ifference ft per hr eat loss due 
between sur- transmitted from ‘metailie 
face and air, ——outersurface—. covering, 
deg F Canvas Metal per cent 
‘ond FF 50 87 53 39 
C and Pig. 10). 75 136 81 
100 197 112 43 
Copper). i 125 285 146 49 
es A 10) 75 175 130 ‘26 
Core wah sheet 100 242 179 26 
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Fie. 11 Heat Losses From Outsipe Surraces or 8-In-D1aM Pips 
CovERING 


(M Spun rock wool 1 in. thick; aluminum paint on sheet iron) 


ness, and the figures given enable the surface losses to be calcu- 
lated from canvas coverings to still air (with natural convection). 

The heat losses per square foot of external surface with various 
values of (tz — ta) are given in Fig. 10. Curves B and E, respec- 
tively, give comparative results obtained by Heilman (9) (9.5 in. 
OD) and McMillan (2) (7 to 11 in. OD) on samples of 85 per cent 
magnesia. The results obtained in the 8-in. apparatus (11.4 in. 
OD) are shown in curve C, and these agree very closely with 
Heilman’s results. The effect of substituting a copper or alu- 
minum covering for the canvas cover on 85 per cent magnesia is 
indicated by the differences between curves C and F (Fig. 10 
and Table 3). 

Average results obtained, respectively, on spun rock wool with 
canvas and iron covers painted externally with aluminum, are 
shown in curves A and D, and the approximate reduction of super- 
ficial heat loss resulting from the substitution of the iron-alu- 
minum surface for canvas is also given in Table 3. 

While this is interesting scientifically, engineers are more con- 
cerned with the quantity of steam that will be condensed per 
hour under operating conditions. This is indicated by replotting 
the same results on the basis of the temperature difference (t; — ta), 
as shown in Fig. 11, which indicates that the saving in heat loss 
obtained by using bright copper or aluminum sheet over the 
canvas cover surrounding 1'/; in. of magnesia is only about 11 
per cent, The corresponding saving in the case of 2 in. of rock 
wool covered with aluminum-painted iron is less than 8 per cent, 
and for a thickness of 1 in., there is no saving at all, as the two 
curves are identical. The reason for this is, apparently, that for 
any given value of ¢, the lower emissivity of the metallic outer 
covering is compensated for, wholly or partially, by the greater 
temperature difference (4 — ¢s). Thus-an external metallic 
covering does not affect the heat loss greatly, its value, if any, 
being mechanical rather than thermal. 

It was then decided to try the effects of painting the external 
surface of the fabric covering. A series of tests was made with 


the 2-in-diam apparatus on three samples of spun rock wool 
(machine made) 1.1 in. thick, having densities of approximately 
16.5 lb per cu ft, Table 5. When the values of conductivity 
against mean temperature were plotted, they agreed so closely 
with each other and with the results on the 8-in. specimens that 
it was decided to draw a mean curve to indicate the thermal char- 
acteristics of these samples. They were then painted externally 
as follows: 


Sample 1; one coat of size and one of flat brown paint 
Sample 2; one coat of size and one of flat white paint 
Sample 3; one coat of size and one of aluminum paint 


The results of these tests are given in Table 5. It was found 
that the calculated conductivities for the painted specimens in all 
cases were higher than those for the unpainted specimens. This 
increase in samples 1 and 2 varied from 13 per cent at a mean 
temperature of 200 F to 30 per cent at 400 F. Sample 3, painted 
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TABLE 4 RESULTS OBTAINED ON SPECIMENS OF INSULATION FOR 2-IN-DIAM 
PIPE,? “STILL-AIR” CONDITION 


te to (t: ta) Rela- 
ta th ‘surface Pipe to Btu persq tive to air Btu per sq 
Air Pipe pave. ‘temp. air temp Mean Conduc- ftperhr, humid- temp ft per hr 
temp, temp, temp, dif, diff, temp, _ tivity, pi ity, diff, external 
F F F k surface per cent F surface 


85 Per Cent Magnesia} 


73 180 82 98 107 131 0.410 49 45 9 24 

76 416 116 300 340 266 0.474 173 Zi 40 85 

78 657 147 510 579 402 0.520 323 70 69 159 
Spun Rock 

203 89 114 146 49 sh 25 

76 426 114 312 350 270 0.4 164 52 38 84 

79 659 149 510 580 404 0. 520 341 72 70 174 


Outside ¥ pipe, 2 2. 31 i 
612 lb per cu ft; 4.7 in. OD; canv: 
€ Machine made, is. 3 Ib per cu ft; 4. OD; cotton and asbestos cover. 


TABLE 5 RESULTS OBTAINED ON SPECIMENS OF INSULATION FOR 2-IN-DIAM PIPE, 
“STILL-AIR” CONDITION? 


ti — te) (te — ta) 


ipe to (t — ta) Surface 
ta t ts surface Pipe to Btupersq toair Btu per sq 
Speci- Air Pipe Surface tem airtemp Mean Conduc- ftperhr, temp _ ft per hr, 
men temp, temp, temp, did diff, temp, tivity, pipe diff, external, 
no. F F F F F k surface F surface 
Spun Rock Wool: Machine-made; = 16.5 lb percuft. Three samples 
os. 1, 2, = 
2 72 219 87 132 147 153 0.331 56 15 29 
1 73 222 136 149 1 0.31 56 13 29 
3 67 272 626 209 205 167 0.321 87 45 
2 65 419 87 332 354 253 0.395 170 22 87 
3 71 428 89 339 357 259 0.3 170 1 
1 65 522 123 399 457 322 0.416 218 58 113 
3 70 5 1106 475 515 347 0.446 274 406 41 
2 77 661 153 508 406 0.513 336 76 173 
3 70 726 153 573 656 439 0.540 400 
1 70 801 172 629 731 486 0.580 476 102 247 
2 64 858 192 666 794 525 0.649 561 128 288 


Spun Rock Wool: Machine-made, cotton-covered; 16.6 lb per cu ft. OD = 4.45 in., ID = 2.20 in. 
Treated with one application m4 size — one coat flat brown paint 


1 72 279 95 184 207 187 0.380 91 23 44 
1 75 498 126 372 423 312 0.473 228 51 112 
1 72 587 137 450 515 362 0.561 326 65 160 
1 71 652 157 495 581 404 0.661 424 86 208 


Spun Rock Wool: Machine-made, cotton-covered; 16.1 lb per cuft. OD = 4.50 in., ID = 2.20in. , 
Treated with one application of size and one coat of flat “— paint 


2 72 281 186 209 188 0.381 23 44 
2 75 426 115 311 351 270 0.445 176 40 86 
2 76 554 138 416 478 346 0.543 288 62 141 
2 73 664 161 503 591 413 0.660 424 88 208 


Spun Rock Wool: Machine-made, cotton-covered; 16.9 Ib per cu ft. OD = 4.51 in., ID = 2.20 in 
Treated with one application of size and one coat of aluminum paint 


3 71 263 96 167 192 180 0.426 91 25 44 
3 68 394 112 282 326 253 0.493 176 44 86 
3 74 532 139 393 458 335 0.575 288 65 141 
3 75 637 164 473 562 401 0.702 424 89 208 


@ Outside diameter of pipe, 2.31 in. 
+ Probably in error (low reading). 


TABLE 6 
(ti — te) (te — ta) 
t t t i pe Bt Bt 
2 surface ‘ipe to upersq to air u per 
Air Pipe Surface temp airtemp Mean Conduc- ft hr, temp _ ft hr’ 
temp, temp, temp, diff, diff, temp, tivity pipe diff, external 
F F F F F F k surface F surface 
(F) Glass Wool: Cotton-covered; memes yy oe ee: density 8.9 lb per cuft. OD = 4.56 in. 
= 2.25 in. 


79 1 
80 700 174 526 620 437 0.624 414 94 204 
(G) Glass Wool: Cotton-covered; snnahicie- meade: ole still; density 8.36 lb per cuft. OD = 4.61 in. 
= 2.25 in. 
73 251 93 158 178 172 0.372 73 20 36 
72 388 108 280 316 248 0.430 150 36 74 
73 536 126 410 463 331 0.492 250 53 122 
75 533 127 406 458 330 0.495 250 52 122 
73 665 148 517 592 406 0.590 380 75 186 
76 694 149 545 618 422 0.608 414 73 208 
H) Same imen as (G), painted with five coats of special aluminum paint 

77 182 207 193 0. 89 45 
76 421 114 307 345 267 0.450 173 38 86 
76 563 141 422 487 352 0.536 282 65 141 


74 689 164 525 615 427 0.634 414 90 208 


—— 

| 

Se 75 287 97 190 212 192 0.370 91 22 45 
sare 78 432 117 315 354 274 0.435 173 39 87 
eo 78 571 135 436 493 353 0.514 282 57 142 
ie 78 699 154 545 621 426 0.604 414 76 204 
eS (J) Same specimen as (F), painted with three coats of commercial aluminum paint 

pies 76 285 102 183 209 194 0.385 89 26 45 
ae: 77 424 122 302 347 273 0.455 173 45 87 
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Btu Lostpertr per Sq Ft of Pipe Surface 


i?) 100 200 «4300 400 500 600 700 800 900 1000 
Pipe Tem perature oF 


Fie. 14 CHaracteristic Curves or Heat Losses THROUGH 
Spun-Rock-Woo.t Coverines oF DIFFERENT THICKNESSES 


a 


Per Cent 
ro) 


| Spun Rock wool 


Frequency, 


° 
ro) 


Fiber Diameter, mm / 1000 


Fie. 15 Dramerers or Macatne-Mape Spun-Rocx-Woou 
Pirpz CovERING 


with aluminum, gave an increase of 28 per cent at 200 F (mean 
temperature) to 35 per cent at 400 F. The smaller rate of increase 
in this case may possibly be due to the lower emissivity, which 
becomes increasingly important as & rises. Similar results were 
obtained when the rate of heat loss per square foot of pipe surface 
was plotted against ts), in Fig. 12. Samples 1 and 2 gave 
increased losses from the painted surface varying from 3 per cent 
at 200 F to 20 per cent at 550 F. Again, the aluminum paint 


500 
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Btu Lost per Sq Ft of Pipe Surface 


° 


0 100 300 «400 700 800 
Temperature Difference Between Pipe and Air, F 


Fie. 16 Woot aNp CorruGATED AsBESTOS WITH PAINTED 
AND UNPAINTED SURFACES 


FG Glass wool with unpainted canvas cover 
JH Glass wool, painted aluminum surface 
K Corrugated asbestos, unpainted canvas cover 
L Same as K, one coat aluminum paint 
M Same as L, five coats aluminum paint 
N Same as M, covered with finedust |. 
P Same as M, with extra coat of gray paint 


TABLE 7 
(tz — ta) 
ipe to (ti — ta) Surface 
ta th te surface Pipe to Btu persq toair Btu persq 
Air Pipe Surface temp airtemp Mean Conduc- ftperhr, tem ft per hr, 
temp, temp, temp, diff, diff, temp, tivity pipe diff, external 
F F F F F k surface F surface 
(K!) Corrugated Asbestos: Cotton-covered; density 17.3 lb per cu ft OD = 4.51 in., ID 2.25 in. 
76 197 92 1 121 145 0.432 58 16 29 
81 226 101 125 1 1 0.455 73 
78 253 100 153 175 176 0.452 89 22 44 
78 287 106 181 196 0.465 108 28 53 
76 308 107 201 232 208 0.495 128 31 62 
81 346 114 232 265 230 .500 1 33 73 
77 372 115 257 295 243 0.522 173 38 
79 375 118 257 2' 0.522 173 39 86 
73 418 117 301 345 268 0.508 196 44 
77 451 127 324 374 289 0.533 222 09 
75 524 136 388 449 3 0.563 282 61 141 
76 599 147 452 523 373 0.590 344 71 168 
74 662 157 5 410 0.635 414 2 
77 739 171 568 662 455 0.673 490 94 240 
77 815 182 633 738 498 0.706 575 105 282 
(ZL) Same specimen as (XK), painted with one coat of ‘‘University” aluminum paint 
74 240 95 145 166 168 0.475 89 21 44 
78 431 123 308 353 277 0.562 222 45 109 
80 648 164 484 568 406 0.665 414 84 203 
(M) Same specimen as (L), painted with five coats of ‘University’ aluminum paint 
78 246 98 148 168 172 0.464 89 20 44 
75 439 120 319 364 279 0.542 222 45 109 
70 651 147 504 574 399 0.636 414 70 203 
77 654 153 501 577 403 0.640 414 76 203 
(N) Same specimen as (M), dust sprinkled on top of aluminum paint 
76 241 95 146 165 168 0.475 89 19 44 
79 436 127 311 357 283 0.558 222 48 109 
79 652 154 498 573 403 0.643 414 75 203 
(P) Same specimen as (N), three coats of gray oil paint on top of aluminum painu 
74 236 93 143 162 164 0.485 89 19 44 
75 429 118 311 354 274 0.560 222 43 109 
76 645 148 497 569 397 0.645 414 72 203 
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Fig. 17 Structurat ARRANGEMENT OF Guiass-WooL, AND CoRRUGATED-ASBESTOS SPECIMENS 


(turpentine base) gave 15 per cent greater heat loss than the un- 
painted surface at 200 F, increasing to about 31 per cent at 550 
F. The painted samples in all cases had higher surface tempera- 
tures than the unpainted ones for the same pipe temperatures. 
The difference increases with t; and varies from 3 to 5 per cent at 
300 F to 10 to 16 per cent when (¢; — ta) is 600 F. If (t; — ta) be 
plotted against (4% — ta) the resulting curves are all practically 
straight lines. Fig. 13 indicates the relationship between the 
rate of heat loss from the outside surfaces of the painted and un- 
painted specimens, respectively, when plotted against (4 — ta). 
The lowest results, in this case, were obtained with aluminum 
paint, but the curves are close together. The large increases in 
the heat losses from the painted surfaces, as compared with the 
unpainted ones in this series, were entirely unexpected and are 
difficult to explain save, possibly, on the grounds that the outer 
painted surfaces were rough. The results were too numerous and 
uniform, however, to allow them to be ignored with safety. 
Further tests were made with the 2-in. apparatus on two sam- 
ples of glass wool which were cut out of the solid mass, with the 
result that the fibers were arranged as shown in Fig. 17. This 
structure is frequently used for small diameters. The results of 
these tests are given in Table 6 and Fig. 16, F andG. The curves 
are so close together that they can only be indicated by a single 
line which is evidently representative of this material when cov- 
ered with unpainted canvas. One of the specimens was then 
painted with three coats of commercial aluminum paint (turpen- 
tine base) and another with five coats of aluminum paint spe- 
cially prepared with an acetone base, the number of coats in both 
cases being chosen to give a smooth, bright surface. The results 
obtained are given in Table 6 and Fig. 16, J and H, and they are 
identical with those for the unpainted surfaces. 
, Another series of tests was made on a 2-in. sample of corrugated 
asbestos, Fig. 17, and the results of these tests are given in Table 
7. They also are plotted in Fig. 16, where curve K refers to the 
specimen with an unpainted canvas surface. This specimen was 
then covered successively with one coat of commercial aluminum 
paint, obtained from the University stores (curve L) and with 
five coats of the same paint (curve M). The heat losses in both 
cases were somewhat higher than those from the unpainted sam- 
ple, as follows: 


Temperature difference between pipe and air....... 200F 550F 
Increase of heat loss over unpainted sample: 
(A) One coat of aluminum paint, per cent...... 6.5 6.7 
(B) Five coats of aluminum paint, per cent..... 2.8 4.6 


The surface was then covered with dust to simulate the actual 
operating conditions, and the rate of loss was practically un- 
affected (Table 7 and Fig. 16 N). The same specimen was next 
cleaned, three coats of gray paint were applied on top of the alu- 


minum, and the tests repeated (Table 7 and Fig. 16 P). The losses 
in this case were slightly higher, but the curve was practically 
identical with that obtained with one coat of aluminum paint 
(curve LZ). Thus in the tests made on corrugated asbestos, the 
application of paint to the outer surface increased the heat losses 
from 3 to 7 per cent, and the use of aluminum paint, in this case, 
did not change the heat losses materially, as compared with an 
ordinary oil paint. 
CoNCLUSIONS 

1 Short lengths of pipe insulation may be tested by the elec- 
trical method described and will give results which are com- 
parable with those obtained by other methods. 

2 The results obtained on similar insulating materials when ap- 
plied to pipes 8 in. and 2 in. diam, agree within practical 
limits. 

3 At pipe temperatures below 500 F, the conductivity of spun 
rock wool is slightly below that of 85 per cent magnesia pipe in- 
sulation. Between 500 and 600 F, there is little difference be- 
tween the two materials. 

4 Variations in density, produced by different proportions of 
silicate binder have little influence on the conductivity of spun 
rock wool. The conductivity also appears to be practically inde- 
pendent of variations in thickness of material. These remarks 
refer only to the range of the present series of tests. 

5 Exposure to winds of 15 to 20 mph gives increased heat 
losses up to 16 per cent, as compared with natural convection. 
This increase is small for pipe insulation more than 11/; in. thick, 
but appears to be greater with metallic coverings than it is with 
fabric. 

6 In still air the surface temperature of metallic coverings is 
greater than that of fabric coverings. This counteracts the 
lower emissivity of the metal so that there is little, if any, saving 
of heat if metallic outer coverings are used. 

7 Painting the outer surface of canvas coverings with a 
single coat may increase the heat loss substantially as compared 
with unpainted surfaces. This includes aluminum paint with a 
turpentine base. If a sufficient number of coats be applied to 
give complete surface protection, the use of paint does not appear 
to affect the heat losses materially. 
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Appendix 

The insulating value of a fibrous material such as rock wool de- 
pends upon thenumber and diameter of the fibers arranged within 
a given volume, and its resilience depends to some extent also 
upon the length of the fibers. Most varieties of rock wool are pro- 
duced by blowing air or steam into a stream of molten rock, but 
spun rock wool is made by directing the stream onto the surface 
of a rapidly rotating disk. The coarse particles are thrown by 
centrifugal force to the wall of the surrounding chamber, the 
“wool” is removed by suction and is conveyed in the same way to 
the storage bin. The fibers produced are relatively coarse, Fig. 
15, and long, so that either they may be made into a “mat” or 
“batt” for covering flat surfaces or they may be arranged in con- 
centric layers round a pipe form by means of a machine, as shown 
in Fig. 17. The latter form is described in the paper as “‘machine 
made”’ and in it the fibers are held in position by a silicate binder. 
Most of the specimens tested on the 8-in. apparatus, and all of 
those on the 2-in. apparatus, were of this type. 
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Discussion 


C. B. Brapiey.® The author’s choice of an electrically heated 
pipe-insulation test apparatus is believed to have been wise. 
In so far as we know, all investigators long ago gave up the 
steam-condensation method. McMillan* in 1915, Heilman’ in 
1926, and Griffiths* in 1927 described electrically heated pipe- 
insulation test apparatus. The McMillan Thermal Conductivity 
Laboratory of the Johns-Manville Research Laboratories has 
for many years used electrically heated apparatus for testing 
cylindrical specimens of thermal insulations. These are equipped 
with calibrated end caps instead of guarded ends, and long 
experience has proved that they give highly satisfactory results, 
closely checking results obtained on flat samples by means of 
the guarded hot plate. In addition, we believe that they are 
much easier to operate, especially when a number of tests must 
be carried on simultaneously by one or two operators. 


5 Physicist, Johns-Manville Research Laboratories, Manville, N. J. 

*“The Heat-Insulating Properties of Commercial Steam Pipe 

ae: by L. B. McMillan, Trans. A.S.M.E., vol. 37, 1915, pp. 
9. 

7 “Determination of the Thermal Conductivities of Insulation for 
Temperatures up to 1000 Deg Fahrenheit on Other Than Flat Sur- 
faces,” by R. H. Heilman, Mechanical Engineering, vol. 48, 1926, 
pp. 1297-1306. 

* “Loss of Heat From the External Surface of a Hot Pipe in Air,” 
by E. Griffiths, Engineering, vol. 123, 1927, pp. 1-4. 


We believe, however, that the author’s 8-in. apparatus, as 
illustrated in Fig. 1, is subject to rather severe criticism. Ap- 
parently there is no separation between the central test section 
and the guard sections of the porcelain tube, which serves as the 
core for the heater windings as well as for the test pipe. The 
thermal conductivity of the porcelain is so high (approximately 
20 times that of the insulation being tested) that a comparatively 
small temperature difference between the guard and test sections 
would result in a flow of heat which might well be an appreciable 
part of the total measured heat dissipated by the center heater 
windings. Even though the temperature balances between the 
sections were held sufficiently close to prevent heat flow along 
the test specimen, heat might still flow along the porcelain tube 
between guard and center windings. 

Contact between the test samples and the heater wires, as is 
the case if we interpret Fig. 1 correctly, would inevitably result 
in a nonuniform distribution of temperature along the inner 
surface of the insulation. As a result, a large number of thermo- 
couples would be required to give even a good average inner- 
surface temperature. 

The foregoing criticisms do not apply to the 2-in. apparatus, 
which has low-conductivity connections between the center and 
guard sections of both heater core and test pipe. The checks 
between the author’s results and those of other investigators 
on somewhat similar materials, and between his own results 
obtained on the 8-in. and the 2-in. apparatus, again on similar 
but not identical materials, do not seem convincing enough to 
establish the validity of all results obtained on the 8-in. apparatus. 

The author states that he expresses his “conductivity” values 
in terms of “British thermal units per hour, per degree tempera- 
ture difference between inner and outer surface, per inch of 
thickness per square foot of logarithmic-mean area,” but that 
this “is of doubtful utility from a comparative standpoint.” 
Using the actual thickness and logarithmic-mean area results 
in exactly the same expression for conductivity as using the 
actual pipe area and a logarithmic “equivalent” thickness of 


ry loge ~* where 7 and fr; are the radii of inner and outer surfaces 
1 


of the insulations, respectively. The meaning of this is that 
a flat slab of the same material must have an actual thickness 
equal to this “equivalent” thickness if the heat loss per unit area 
is to be the same as that through the cylindrical sample with 
the same temperature difference between the two faces. The 
conductivity coefficient thus obtained is the same as would be 
obtained on a flat sample of the same material if tested in a 
guarded hot-plate conductivity apparatus. Thus if the con- 
ductivity determined in the guarded hot-plate apparatus has 
utility, and we believe it does have, that obtained on a cylindrical 
apparatus will have the same utility. 

The author states: “Conductivity should be solely a char- 
acteristic of the matcrial tested, but the results of this calculation 
on a@ given material vary also with external conditions.” Con- 
ductivity should be, and is, a characteristic of the material, and 
differences in the calculated results must be ascribed to some 
characteristic of the test method. The results of many hundreds 
of conductivity determinations both on the guarded hot-plate 
and on pipe-insulation apparatus have convinced us that the 
term “conductivity” can properly be applied to all reasonably 
homogeneous materials. 

In this connection, we are completely at a loss to understand 
the reported increase in the measured conductivity resulting 
from painting the canvas covers (see Table 5 of the paper). 
It appears that the values for the conductivities of these painted 
samples are incorrectly calculated from the data shown in the 
table. When recalculated, the conductivity of sample 1 shows 
increases upon painting of from 11.7 per cent at 150 F mean 
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temperature to 8.6 per cent at 450 F. (The calculated value 
at 404 F is so out of line with the rest of the values that we have 
disregarded it. There appears to be an error in the data as 
given.) Sample 2 increases in conductivity from 5.4 per cent 
at 150 F to 17.4 per cent at 350 F (using recalculated values), 
while on the same basis the conductivity of sample 3 increases 
from 25 per cent at 150 F to 28 per cent at 350 F. It is quite 
unreasonable to suppose that painting the surfaces affects the 
conductivities in this manner. We are compelled to question 
the accuracy of the conductivity determinations. 

We would suggest a careful check upon the correctness of all 
calculated values in this paper. We have recalculated, from 
the data given in Table 1, the conductivity values for P and R. 
We find the values for P correct, but the values of R as given 
in the table are low by from 2.8 to 4.1 per cent. 

Curve A, Fig. 3 of the paper, taken from McMillan is for 
85 per cent magnesia of 16.5 Ib per cu ft density.° This curve 
represents the same values as Johns-Manville’s standard figures 
for 85 per cent megnesia of 15 lb per cu ft density. However, 
the tendency in the United States has for some years been 
toward the manufacture of lower-density magnesia. Periodic 
tests on regular production of Johns-Manville 85 per cent mag- 
nesia over the past 3 years reveal an average density for this 
period of about 13 lb per cu ft. The average of 24 thermal 
conductivity tests on the same material is as follows: 


Mean temperature 100 200 300 400 
k, J-M average............ 0.407 0.445 0.481 0.517 
k, Allcut’s curve, ‘‘2in. diam,” 
0.443 0.487 0 521 


The Johns-Manville average figures include results of tests on 
pipe insulation of various sizes and on blocks. The comparison 
given in the table certainly does not indicate any marked dif- 
ference between present-day American and Canadian magnesia. 
The 85 per cent magnesia, having a density of 17 lb per cu ft, 
is still manufactured for special purposes but this certainly is 
not the “density generally used in American practice.” 

Curves A and C, Fig. 10 of the paper, should be the same if 
the canvas covers are similar. The heat loss from the surface 
is a function only of the nature of the surface, as indicated by 
the surface coefficient of heat transfer, and of the temperature 
difference between the surface and the surrounding air. The 
surface coefficient of heat transfer is determined solely by the 
nature of the surface, the air velocity, and the temperature of 
surrounding bodies to which the surface may radiate. Two 
similar surfaces, tested under the same surrounding conditions, 
should always give the same results, regardless of the nature 
of the material behind the surface. The difference between 
curves A and C must necessarily be due to differences between 
the canvas covers or in the techniques or surrounding conditions 
as between Heilman’s and Allcut’s tests. 


M. Jaxos.’° Owing to the great amount of material pre- 
sented in this paper the writer had difficulty in following some of 
the author’s conclusions at the meeting. In particular, the 
statements on the insulating effect of bright metallic surfaces 
invite some clarification. 

This effect manifests itself in a different manner according 
to whether the pipe-surface temperature or the heat loss is 
considered as invariable. The first case is approached in steam 


*“*Recent Improvements in the Manufacture of 85 Per Cent 
Magnesia Insulation,’”’ by L. B. McMillan, Letter to the editor, 
Journal, A.S.M.E., vol. 40, 1918, p. 970. 

10 Research Professor of Mechanical Engineering, Illinois Institute 
of Technology and Armour Research Foundation, Chicago, Ill. 
Mem. A.8.M.E. 


TRANSACTIONS OF THE A.S.M.E, 


JULY, 1943 


pipe lines. Covering the insulation with a bright metal sheet 
reduces the heat loss owing to the small emissivity of metals. 
However, the reduction of emissivity is partly compensated by 
an increase of the temperature of the sheet. Eventually a 
steady state will exist in which the heat flow by conduction 
through the insulation equals the heat loss by convection and 
radiation to the environment. 

For the second case which is realized in constant electrical 
heating from inside, metallic covering will produce a much higher 
surface temperature, since the total heat developed inside 
must be given up to the environment by convection and radiation. 


H. B. Norraax.'! While it is true that this paper contains 
a great deal of potentially interesting data, a direct and assured 
application of the results to the practical problems of accurate 
performance prediction for systems differing in any significant 
details whatever from the particular test arrangement employed 
is hampered by two outstanding unanswered questions; these 
are: 

1 How well did the test system maintain what might be 
termed its “calibration” over the entire range of operation in 
yielding total rates of heat loss and corresponding temperature 
data for the center section which were truly independent of any 
installation or end effects? To answer this properly would re- 
quire the determination and establishment of a complete heat 
balance on the system, a consideration of the accuracy and 
reproducibility of the instrumentation employed, and a check on 
the comparative similarity of the different insulation specimens 
themselves. 

2 What would the over-all effects reported reduce to when 
analyzed in the accepted terms of individual heat-transfer re- 
sistances or conductances fur the several components of the 
over-all heat-flow path? Such a procedure would be essential 
before any general and extensive interpretation or application 
of the data in this paper could be successfully undertaken. As 
the data exist, they indicate some rather interesting possibilities 
which must, however, remain in a speculative shroud until 
treated analytically by more exhaustive and comprehensive 
studies. 


V. Pascuxis.!2 The author mentioned that, in some instances, 
he has pushed the tests to a temperature of 1000 F. He states 
that the samples showed considerable increase in brittleness 
but that the thermal conductivity did not change. 

The writer questions whether the length of the test which 
was mentioned to be 30 hr was enough entirely to justify this 
statement. 

The increase of brittleness indicates a change in structure. 
Obviously, it takes time to obtain such an effect. Let us assume 
that the change in brittleness takes place after 25 hr. If the 
change would also cause a change in thermal conductivity, 
then the heat losses would tend to increase, starting with the 
twenty-fifth hour, and 5 hr later (i.e., 30 hr after the experiments 
started) the increase might not yet be noticeable on the cold 
side. 


AvutTHoR’s CLOSURE 


The author thanks Mr. Bradley for his long and comprehensive 
contribution to the discussion. The objections to the use of a 
porcelain tube were realized in the first place, but at that time 
it was the only usable material that was available in the size re- 
quired. This tube also suffered from the disadvantage that heat- 


11 Assistant Project Engineer, Pratt & Whitney Aircraft, East 
Hartford, Conn. Jun. A.S.M.E. 

12 Research Laboratory, Mechanical Engineering Department, 
Columbia University, New York, N. Y.. 
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ing and cooling had to be performed slowly, to avoid breakage. 
This fact unduly lengthened the periods between successive tests 
but, in spite of these precautions, cracking occurred. For these 
reasons, the design was changed when the 2-in. apparatus was 
made, and a reconstruction of the 8-in. apparatus along similar 
lines will be undertaken as soon as possible. Nevertheless, it is 
claimed that, with the large number of thermocouples used, the 
agreement of these results with those obtained by other observers 
using different apparatus indicates that, with care, reasonably 
accurate results can be obtained. It should be explained that 
this apparatus was designed originally for making commercial 
comparisons only, and it was an agreeable surprise to find that 
wider applications of the results were possible. 

There was no contact between the test samples and the 
heater wires, as the latter were covered with cement and 
asbestos paper. 

The author has objected for many years to the use of the term 
“conductivity” to designate results calculated from hot-plate and 
similar tests, but made use of the term as a matter of convenience 
in the various figures and tables. The objections and proofs 
have been given in detail in previous publications. '* 

The calculated values included in the tables were all checked 
for correctness before the paper was presented, but in some of 
the tables the approximate thickness only is given, whereas the 
conductivities were actually calculated from the mean values of 
the thicknesses as obtained from the circumferential measure- 
ments. It was considered unnecessarily meticulous to state in 
the tables the mean thickness to several places of decimals when 
the actual measured values varied at different points in the 
length. Hence, these figures were intended as guides only and 
not as bases for the calculation of conductivities. 

The author agrees (and stated in the paper) that the increased 


13 Bulletins Nos. 149 and 169, School of Engineering Research, 
University of Toronto, and Canadian Journal of Research, vol. 17, 
November, 1939. 
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conductivities of the painted surfaces (Table 5) are incompre- 
hensible, but the figures were included because it was considered 
inadvisable to ignore them, and it was hoped that the discussion 
would suggest a reason for them. The consistency of these re- 
sults seems to rule out any variable inaccuracies and experimental 
errors appear to be excluded by the fact that later tests on differ- 
ent materials made on the same apparatus in the same way gave 
results that were quite reasonable. 

The close agreement between our results and those obtained by 
the Johns-Manville Research Laboratories on 85 per cent mag- 
nesia is gratifying. With reference to the question of density, 
the author notes Mr. Bradley’s correction to the effect that the 
average density now used in American practice is about 13 Ib per 
cu ft, but the figures published in American papers and reference 
books generally give representative conductivities for the 17 lb 
density only. 

With reference to Professor Jakob’s remarks, the explanation 
of the comparatively small effect of a bright metallic surface when 
the pipe temperature is constant is that, owing to the small 
emissivity of the surface, the superficial temperature is raised. 
This, in turn, increases the rate of heat loss both by convection 
and radiation, so that comparisons made on the basis of a con- 
stant temperature difference between surface and air, Fig. 10, are 
not valid. As a result, the saving produced by using a bright 
metallic surface on the outside of pipe insulation is considerably 
less than would normally be expected. 

A complete analysis or heat balance for the apparatus at differ- 
ent temperatures, as suggested by Mr. Nottage, is evidently de- 
sirable and will be undertaken as soon as circumstances permit. 

Dr. Paschkis is under a misapprehension regarding the duration 
of the tests. The statement made in the paper regarding brittle- 
ness after heating for 30 hours referred to a special test 
for determining physical properties only. The thermal tests for 
which results are tabulated frequently lasted for several days and 
were continued until the temperatures became steady. 
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-Measurement of High Temperatures in 
High-Velocity Gas Streams 


By W. J. KING," WEST LYNN, MASS. 


Conventional methods of measuring temperatures are 
subject to considerable errors, when applied to gas streams 
at velocities around 500 fps and temperatures of the order 
of 1600 F, which conditions occur, for example, in the ex- 
haust-gas pipe of an airplane engine. An investigation of 
this problem the results of which are reported in this paper 
was suggested by the Special Subcommittee on Exhaust 
Gas Turbines and Intercoolers of the N.A.C.A. and was 
carried out with the assistance of the Subcommittee on 
Exhaust Gas Temperature Measurement of the Committee 
on Industrial Instruments and Regulators. Tests were 
conducted on the thermocouple, which at present is the 
most satisfactory temperature-measuring device available, 
to develop a shield and mounting that would achieve maxi- 
mum accuracy and minimum size and weight for airplane 
application. The results indicate that something better 
than the ordinary thermocouple mountings is required 
for even a fair degree of accuracy with either the high 
velocities or temperatures considered. A few tentative 
devices are suggested which will serve until further studies 
have been made and more adequate solutions provided. 


ECENT experience, particularly in the field of aeronautics, 

has established the fact that conventional methods of 

measuring temperatures are subject to very considerable 
errors when applied to gas streams at velocities around 500 fps 
and temperatures of the order of 1600 F. Such conditions may 
obtain in the exhaust-gas pipe or “tail stack” of an airplane en- 
gine. With standard equipment, discrepancies of 50 F or more 
have been observed in this region and, with somewhat higher 
temperatures and lower velocities, there is evidence that the error 
may exceed 200 F. 

At the present time, the thermocouple seems to be the most 
satisfactory temperature-measuring device available for use in 
this field. Electric-resistance thermometers have been used very 
successfully for measuring air and oil temperatures on aircraft, but 
as yet no resistance element suitable for high-temperature serv- 
ice hasappeared on the market. Most of the following remarks 
on the thermal and mechanical features of the thermocouple will 
be applicable also to resistance elements. 

A typical thermocouple-pyrometer system is divided into the 
following elements: (a) Hot junction, (b) leads, (c) selector 

switch, (d) cold junction, (e) instrument (potentiometer or 
millivoltmeter). Each of these elements may contribute to the 
error if not properly used. References (1, 2, 3, 4)? contain exten- 
sive discussions of these factors under ordinary conditions. The 
larger errors, encountered under the special conditions considered 
herein, are associated primarily with the hot-junction mounting 


1 General Electric Company. 

2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by Committee on Industrial Instruments and Regu- 
lators of the Process. Industries Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. 
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and the present paper will therefore be concerned specifically 
with this element. 


THEORETICAL CONSIDERATIONS 
The chief sources of error associated with the hot junction are: 


1 Radiation to cooler surroundings. 
2 Conduction to cooler surroundings: 
(a) Along the thermocouple wires. 
(b) Along the protecting tube or mounting. 

3 Contamination of thermocouples due to chemical effects of 
hot gases. 

4 Velocity effects, due to incomplete conversion of kinetic 
energy into thermal effects (significant only at extremely high 
velocities). 

From the thermal standpoint (neglecting velocity effects), the 
fundamental fact to be kept in mind is that the temperature indi- 
cated by a thermocouple is merely an “equilibrium temperature,” 
representing the point at which the heat transferred from the gas 
to the couple is balanced by the heat transferred from the couple 
to the surroundings. This is represented by the equation 


Heat flow, Btu per hr = A,C,G"(T, — T) = ue (T — T,) 
+ (T* — T,,4)......... [1] 


Heat transfer Heat transfer Heat transfer 
from gas to from couple from couple to 
couple by/ = surround-/ + surroundings by 
convection by con- adition 
duction 
where 
A, = total exposed surface area of hot junction (or ad- 
jacent portions of protecting sheath, at the 
tip), sq ft 
A: = cross-sectional area of wires, insulation, and 
sheath, sq ft 
A; = effective radiating area of hot junction (or 
sheath tip), sq ft 
. for a simple surface, this is the same as A;, but 
if there are fins, etc. A; is the “envelope,” 
which is less than A; 
C,,C; = constants, for the present purpose 


Q 
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mass velocity of gas, |b per sq ft per sec (product 
of linear velocity, V, and density p) 
exponent varying from roughly 0.5 to 0.8, de- 
pending upon size and shape and direction of 
flow of gas relative to surface 
T,,T,T. = temperatures of gas, thermocouple, and surround- 
ing walls, respectively. Degrees F absolute 
are used for the sake of the radiation term 
k = mean effective thermal conductivity of wires, 
insulation, and sheath, Btu per hr, per sq ft, 
per deg F, ft 
L = length of heat path from hot junction to wall, ft 
= emissivity factor 
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From Equation [1] 


kA(T—T,) , CsAse (T4 — T,,4) 

LAC + [2] 
where (7, — T) is the error in the temperature measurement, 
and Equation [2] shows how it varies with the principal factors 
involved. 

Equation [2] indicates that, in general, the error can be re- 


- duced by reducing all of the factors in the numerators, or in- 


creasing all of the factors in the denominators, of the two terms 
on the right. But there is obviously no advantage in increas- 
ing A; if Az and A; also increase correspondingly; it is the ‘area 
ratio” that is significant in each term. 

The conduction term 


kA,(T — T,,) 
L 


brings out the importance of the immersion L, although in some 
respects the local temperature gradient (di/dL) away from the 
junction is more significant. Anything that reduces this gradi- 
ent, as by increasing 7’, or promoting the heating of the lead 
wires near the junction, will reduce the error. 

Thick-walled sheaths or heavy lead wires have an adverse 
effect by increasing Az. Fortunately, the alloy steels used in the 
sheaths for this high-temperature service have relatively low 
heat conductivities (about 1/; the value of k for ordinary mild 
steel). Ceramic tubes are better in this respect, but by the 
same token they tend to insulate the couple junction from direct 
contact with the gas stream. Even with metallic sheaths it is 
important to obtain good thermal contact between the actual 
junction and the exposed surface of the sheath tip, to avoid a 
temperature drop through a poor conductor. However, with 
reasonable attention to these details it is fairly easy to avoid 
appreciable errors due to conduction effects. 

The real crux of the present problem of minimizing the value 
of (7, — T) lies in the second term of Equation [2] 


(T* — TY‘) 
A,C,G" 


In the case of a gas the rate of heat transfer from the stream to the 
couple (represented by the denominator) is relatively low, whereas 
the radiation through it becomes very intense with high values 
of 7’, due to the fourth-power law. The principal objective is 
therefore to reduce the radiation from the couple and promote 
convection to it as much as practicable. For many applications, 
particularly in aircraft, it is essential to keep the size and weight 
of the device to an absolute minimum consistent with reasonably 
accurate results. 

Referring further to the second term of Equation [2], C; is a 
constant? and A; cannot be reduced without correspondingly re- 
ducing A;, so that the only effective means for reducing the 
radiation is to reduce the emissivity « of the surfaces or to in- 
crease the temperature 7’,, of the surroundings. 

The emissivity (or “black-body coefficient”) conceivably 
could be reduced by using suitable polished metal surfaces but, 
in most cases, the efficacy of such surfaces would soon be lost due 
to tarnish and oxidation. The most effective recourse is there- 
fore to increase 7',. In fact it may be seen that the error is com- 
pletely eliminated (apart from velocity effects) if T,, = T. 

In the typical case with which this discussion is concerned 7’, 
is the temperature of the walls of a pipe or vessel containing the 


3 This is a practical simplification which is justified for the present 
purpose. For more extensive and rigorous treatment of heat-transfer 
factors see Bibliography (5). 
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gas; and 7’, is less than 7’, by virtue of heat loss from the outer 
surface of these walls. It is theoretically possible to insulate the 
walls sufficiently to maintain T, = T = T,, but in practice 
this would usually be very difficult or cumbersome. Unlike the 
case of saturated steam or liquids, there is apt to be a sharp tem- 
perature drop between the gas and the walls (7, — T,,), due to 
the combined effects of the gas-film resistance on the inner sur- 
face and the relatively high heat loss from the outer surface, due 
to the high temperatures. In some cases, as in the tail stack of 
an airplane, the use of insulation is objectionable because of the 
high temperatures and thermal stresses which are set up in the 
pipe itself. ‘Covering a bare pipe carrying hot gas or air may 
raise the wall temperature by 500 or 600 F. But, even when 
the walls are nearly as hot as the gas, the radiation effect may 
still be very considerable. For example, if 7 = 1800 and 7, = 
1750 F, the radiation from the couple to the wall would be the 
same as from a hot surface at 763 F to surroundings at zero. 
This is because 

(1800 + 460)4 — (1750 + 460) = (763 + 460)4 — (460)‘ 

RaDIATION SHIELDS 


Since in general it is neither permissible nor sufficient to re- 
duce the radiation by insulating the pipe, some other means must 
be adopted to limit the error. A very effective recourse, which 
has been widely employed for this purpose, is to interpose a 
number of radiation screens or shields, in the form of concentric 
cylinders, between the thermocouple tip and the pipe walls. 
The experimental studies to be described were concerned very 
largely with the determination of the optimum size and arrange- 
ment of these shields. 

The efficacy of such radiation shields is due to two circum- 
stances: First, leaving out conduction and convection effects 
and considering radiant-heat transfer alone (as in a vacuum), 
interposing one screen between a radiating body and its surround- 
ings will reduce the radiation by one half, or to 1/(n + 1) if 
there are n screens.* This results from the fact that the screen 
surrounds the object with a new surface having a higher value of 
T... Ina hot gas stream there is a second effect in the additional 
heating of the screen, or screens, by convection, which has a 
marked influence upon the error by causing a further rise in 
the effective value of 7',. If the shields are made of a poorly 
conducting material, such as porcelain, there is a further benefit 
because of the insulating effect, depending upon the thickness. 

Ordinarily the effect of convection upon the shields is very 
similar to its effect upon the thermocouple tip, as indicated in 
Equations [1] and [2]; the higher the rate of convection the 
lower the error. The controlling factor here is the mass velocity 
G, which is proportional to the linear velocity V (fps) if the den- 
sity is constant. Secondary factors are included in the constant 
C, and the exponent n, which represent such effects as the proper- 
ties of the gas and the size and orientation of the heat-transfer sur- 
face. Convection rates per unit of surface are always higher for 
small than for large objects and higher for transverse than for 
parallel flow of the gas stream. 


APPLICATION OF PrinciPLEs TO HicH-VELOcITY THERMOCOUPLE 


On the basis of. the foregoing principles, it has been fairly 
common practice in the past to “swamp out’ the radiation error 
in several similar applications simply by increasing the gas ve- 
locity G to a sufficiently high value. The ordinary sling psy- 
chrometer is an example (the radiation here is from the surround- 
ings to the thermometer). A more pertinent case is the high-ve- 
locity thermocouple which has been used for measuring gas tem- 
peratures for many years and has recently been described in two 
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excellent papers by H. F. Mullikin.t This device has been ap- 
plied chiefly to slow-moving streams of hot gases, such as boiler 
flue gases. It employs one or more cylindrical radiation shields 
through which a sample of the gas is drawn at high velocities by 
means of an external source of suction, such as a pump or aspi- 
rator. The conditions of the present problem are quite similar, 
with the important distinction that the velocity of the gas stream 
is already very high and in the typical case no other means for 
increasing it is necessary or permissible. For this reason con- 
siderable attention has been given to the question of how far the 
size of the radiation shields could be reduced without choking off 
too much of the gas flow through them. 

Most of this study has been concerned with velocities below 
500 fps, where the kinetic-energy effects mentioned are not very 
appreciable. In this region the error should be reduced con- 
tinuously as the velocity is increased and, according to Equation 
[2], the temperature 7 indicated by the thermocouple should 
continuously approach the true gas temperature 7,. As a 
matter of fact in using the high-velocity thermocouple, it has 
been assumed quite generally that 7 = 7, when the indicated 
temperature ceases to rise with further increase of the gas ve- 
locity. There is, however, a considerable amount of recent evi- 
dence to indicate that even with moderately high gas tempera- 
tures and a fair amount of shielding the true temperature can- 
not be approached in this manner no matter how much the gas 
velocity is increased. This is a consequence of the kinetic-energy 
effect, which has been studied extensively abroad and more re- 
cently in this country (6, 7, 8, 9, 10, 11). 

From elementary physics, if a body of gas of mass m is ac- 
celerated from rest to a velocity V (as in the flow through a 
nozzle) the resulting kinetic energy is acquired at the expense of 
the temperature of the gas, as indicated by the energy equation 


mV? = — Ty)... [3] 


ms= mass in poundals 

V = velocity, fps 

g = acceleration of gravity, fpsps 

J = mechanical equivalent of heat, 778 ft-lb per Btu 

= specific heat at constant pressure 

T, = “total” temperature of gas at rest, deg F 

= “static” temperature of gas, hypothetically measured 

by a thermometer moving at same speed as gas 
stream, deg F 


From this the temperature drop is 


(T7,—T, = = [4] 


where 
6 
10 
2gJc, 
Substituting the values of the constants and using Heck’s 


specific-heat data (12), values of b for dry air may be computed 
for various temperatures, as given in Table 1. 


TABLE 1 SPECIFIC HEAT AND VALUES OF } FOR DRY AIR 
Mean temperature, 


eg Cp b= (T: —_ Ts)/(V/1000)? 
0.240 83.2 
200 0.2415 82.6 
400 0.2450 81.5 
600 0.2503 79.7 
800 0.2565 77.8 
1000 0.2628 76.0 
1209 0.2690 74.1 
1400 0.2741 72.7 
1600 0.2788 71.5 


4 Refer to Bibliography (2), pp. 775 and 805. 
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It will be observed that the values of b in Table 1 represent 
the temperature drop for an air-stream velocity of 1000 fps and 
that the drop for any other speed will be proportional to the 
square of the velocity. It is also apparent that Equations [3] 
and [4] and Table 1 apply as well to the temperature rise 
which must result when a gas stream, moving with an initial 
velocity V, is stopped adiabatically. Conceivably, the kinetic 
energy could be completely recovered or reconverted into ther- 
mal energy manifested by the temperature rise (T,— 7). Actu- 
ally any thermometer or thermocouple immersed in such a gas 
stream would substantially stop the flow in the layer immediately 
at the surface, due to impact at stagnation points and friction 
elsewhere. The indicated temperature 7’ would rise above T.,,, 
approaching 7;. However, the process would not be adiabatic 
since there is a simultaneous tendency toward heat transfer 
back into the gas stream, or a convective cooling action, because 
T. is less than T. In other words, entirely apart from radiation 
effects, any ordinary thermometric device will indicate a tem- 
perature part way between 7, and 7; due to the incomplete re- 
covery of the kinetic energy. The “recovery coefficient,” a, 
of the device is, therefore, defined as the ratio (T — T,)/(T,;—T,), 
which is usually less than unity. Neglecting radiation and con- 
duction, the temperature attained by any surface at any particu- 
lar point is then 


or 


T=T,+ 


Obviously when a = 1, the indicated temperature is equal to the 
total temperature, or 7 = T,. Otherwise, the error is 


T,—T =(1—a)b [7] 


Total and static temperatures are closely analogous to total 
and static pressures. But while an ordinary impact tube, con- 
nected to a manometer, will read total pressures directly, an 
ordinary thermometer will not read total temperatures since 
a <1, due to the loss of heat back into the air stream, as just 
mentioned. Such a thermometer is analogous to a manometer 
which reads something iess than the true total pressure because of 
a leak in the line from the impact tube. 

Theoretical and experimental studies described in the refer- 
ences cited indicate that the recovery coefficient for air in paral- 
lel or lengthwise flow along flat plates, cylinders, or wires is 
about 0.85. For transverse flow across wires and small cylinders, 
the value of @ appears more variable, ranging from about 0.55 
to 0.8, according to various observers, depending considerably 
upon the velocity and the diameter of the cylinder. For the 
present purpose a value of a = 0.6 has been assumed for hot air 
or exhaust gases flowing across a thermocouple sheath. At a 
temperature of 1000 F and a velocity of 1000 fps, this would 
result in an error of 0.4 X 76 = 30.4 F, according to Equation 
[7] and Table 1, giving values for b. 


DIFFUSER-TYPE TEMPERATURE PROBE 


In order to avoid such errors, Franz (9) developed the diffuser- 
type “temperature probe,” shown in Fig. 1, in which the high- 
velocity gas is brought substantially to rest in a region protected 
from the cooling action of the main stream. The small down- 
stream bleeder holes allow a little gas to flow over the couple 
junction to prevent cooling by conduction to the walls, etc. 
Franz’s data show a value of a = 1 for air velocities from 150 to 
600 fps. at ordinary room temperatures, but there is considerable 
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evidence that these results were probably in error. Franz’s own 
tests on a similar device with a thermometer in place of the couple 
show values of a increasing from about 0.8 to 
0.92 over this range, and Eckert’s tests (6) on 
an equivalent thermocouple probe indicated 
an average value of a = 0.99. A number 
of tests on Franz-type probes have been 
made in various laboratories in this country, 
consistently yielding values of a appreciably 
less than unity, for jroom-temperature air. 
Unfortunately, further reference to these 
studies cannot be given at the present time, 
because of their restricted classification. 
Probes of this type are’{unsuitable for high 
temperatures due to their inadequate shielding. 
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It is now possible to take into account the combined result of 
the thermal effects represented by Equation [2] and the velocity 


effects represented by Equation [7]. Fig. 2 shows the results of 
computations for a shielded thermocouple in an airplane exhaust 
pipe, exposed to an external air stream at —48 F and a speed of 
400 fps. In all cases, the emissivity « of the couple, shield, and 
pipe was assumed to be equal to 0.9; the value of a was taken as 
0.85 for the shield and 0.60 for the couple, while the conduction 
along the couple was neglected. In Figs. 2 (a and b), the total 
temperature of the gas was taken as 1200 F and the shield in- 
sulation was assumed to be a '/;-in. thickness of relatively low 
conductivity (k = 0.08). The curves of Fig. 2(a) show the varia- 
tion of the indicated temperature with variations of the velocity 
V2, inside the shield for several different values of V;, the main 
stream velocity of the hot gas in the pipe. (V2 could be varied by 
inserting various restrictions in the exit end of the shield.) The 
significant fact brought out here is that the error due to incom- 
plete recovery of kinetic energy becomes appreciable, as the 
velocity over the couple increases, before the radiation error is 
swamped out by the convection. It is also evident that there 
is an optimum velocity over the couple, for the higher values of 
Vi, which will reduce the error materially, relative to the un- 
restricted flow when V; = Vj. 

Fig. 2(b) represents a further study of the conditions obtaining 
in the case of the upper curve of Fig. 2(a), for Vi; = 1200 fps. 
It is interesting to note that at the higher values of V: the 
temperature of the inner surface of the shield is above that of 
the thermocouple, becuse of the higher recovery coefficient for 
the shield. As a result the thermocouple error is less than that 
due to velocity effects alone, since the couple is warmed by 
radiation from the shield. 

In Fig. 2(c) the conditions have been changed as follows: 
The total temperature of the gas is taken as 2000 F; the thickness 
of the shield is reduced to '/, in., and the conductivity k is in- 
creased to 0.24. This is to bring out the magnitude of the error 
with more intense radiation and poorer shielding. The dotted 
extension of the lower curve for V; = 600 represents the effect 
of increasing the velocity over the couple beyond the main stream 
velocity, which might be done by applying external suction to the 
shield, as is done in the typical high-velocity thermocouple. In 
the past the experimental observation that the temperature crases 
to rise with further increases in velocity beyond a certain point 
has commonly been taken to mean that the indicated temperature 
has substantially reached the true gas temperature. Fig. 2(c) 
indicates that, under these conditions, no amount of raising or 
lowering the gas velocity will suffice to reduce the error below 
about 40 F. 


EXPERIMENTAL RESULTS 


An extensive series of tests has been carried out by the Gen- 
eral Electric Company to study the magnitude and nature of 
these effects and to develop a thermocouple shield and mounting 
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representing a practical compromise between maximum accuracy 
and minimum size and weight. In the work done at Lynn dur- 
ing the past 2 years most of the tests were run in the apparatus 
shown in Fig. 3, which is largely self-explanatory, although 
several modifications were used at various times. The gases 
were ordinary oil-furnace flue gases, diluted with considerable 
amounts of excess air. Velocities were usually from 200 to 500 
fps, or roughly 250 to 625 psf per min. The “true” gas tempera- 
ture was taken as the average of the readings of the couples in 
the two “honeycomb” type shields (Fig. 4) or in some cases two 
of the large quadruple shields shown in Fig. 5. There is ample 
evidence to indicate that either of these devices will reduce the 
actual error to a negligible amount (5 or 10 deg up to 1800 F) 
under these conditions, particularly when backed up by a heavy 
layer of insulation around the pipe. 

Since it would be impracticable to describe the numerous 
tests and data in complete detail, the following is a summary of 
the more significant results and conclusions. 

Fig. 6 shows the results of a series of tests to determine the 
magnitude of the error with unshielded thermocouples and the 
effect of depth of immersion in the gas stream. The latter vari- 
able brings out the effect of conduction of heat to the pipe wall. 
Obviously this is of secondary importance, so long as the wires 
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and sheath have the general proportions shown in the illustration. 
Other tests showed materially greater errors when the wires 
and sheaths were heavier and shorter. The most surprising re- 
sult, disclosed in Fig. 6, is that the straight thermocouple con- 
sistently read higher than the curved one at the same radial 
depth beyond the first 2in. It was confidently anticipated that 
the curved couple would always read higher because of its greater 
length of immersion for a given depth. However, these results 
were confirmed by three separate series of tests with totally differ- 
ent couples and other equipment and with the couples inter- 
changed in various positions. The explanation is presumed to 
lie in the fact that the bound- 
ary layer around the axial por- 
tion of the curved couple must 
have built up to a greater 
thickness than in the case of 
the transverse flow across the 


straight radial couple. This 
would retard the convection of 
heat to the former and estab- 


lish a temperature gradient 


away from the junction. 

Fig. 7 represents a prelimi- 
nary set of tests to measure the 
effect of various numbers of 
shields upon the error. The 
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difference between the data 
for the '/,-in. single shield 
and an earlier test on the 1-in. 
shield is due to the fact that 
the temperatures of the couple 
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junction and the smaller shield 
were practically equalized by 
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conduction through the very short path separating them. Welds 
between the couple sheath and shields were eliminated in later 
tests. 

Preliminary tests with double shields, to determine the effect 
of the spacing between shields, indicated a marked effect due to 
the varying unshielded angles at the ends, if the length was held 
constant. A simple calculation in geometry showed that there is 
little advantage in the latter respect if the length-to-diameter 
ratio is increased beyond 4. This ratio was therefore held 
constant in the tests represented in Fig. 8. Since both the vis- 
cosity and thermal conductivity of air increase markedly at these 
high temperatures, it is possible that the large increase in the error 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1943 


with the smaller spacings is due to heat conduction between 
shields, as well as to the retarded convective heating in the an- 
nular passage. With the '/y-in. spacing the two shields behave 
almost as one. 

The tests of Fig. 9 were run to determine the extent to which 
the thermocouple sheath would obstruct the flow through a rela- 
tively small inner shield. Small steel spheres of various sizes 
were used to represent the sheath. The velocity through the 
tube was measured by means of a small impact tube near the exit 
end and the velocity past the sphere was calculated from the 
area ratio. In general it seems that the size of the inner shield 
should be dictated more by the advantage of having a fair 
length of sheath fully shielded near the tip than by any regard 
for maintaining V, to insure good convection. 


RECOMMEND SHIELD DesiGNs 


As a result of these and other tests the small quadruple-shielded 
hermocouple of Fig. 10 was evolved as a practical compromise 
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design for measuring temperatures up to about 1850 F in pipes 
from roughly 2 to 10 in. diam (varying the length of the couple 
and supporting tubes to suit). The thermocouple wires are No. 
18 chromel-alumel, insulated by porcelain tubing, protected by a 
metal sheath. A high-temperature alloy known as KA2SMO 
(18-8 stainless stabilized with moly) has been found very satis- 
factory for the metal parts. A considerable number of tests 
has indicated that the error will not exceed 20 deg at 1800 deg, 
or 10 deg at 1200 deg with air or exhaust gases at velocities of 
the order of 100 to 400 fps (G@ = 200 to 500) in a bare pipe. 

This type of mounting has been used in a number of applications 
for both flight and ground testing during the past year and has 
given a good account of itself, from the standpoint of practical 
serviceability, as well as consistent accuracy. 
vicinity of 1900 F, they begin to disintegrate fairly rapidly, in an 
oxidizing atmosphere, and a very short exposure at 2000 F will 
burn out the inner shields and sheath. 

The design of Fig. 11 was the result of several attempts to de- 
velop a still smaller mounting, for which there is a persistent de- 
mand. This construction, with the !/,-in. layer of fuller’s earth 
in lieu of the metal shields, gave substantially the same degree of 
accuracy as the Fig. 10 version, but it was found very difficult to 
insulate the thermocouple wires in the small sheath with any 
material that would stand up more than 1 hr or so in service. 
However, this general design has considerable merit and it may be 
entirely possible to solve this problem. Decreasing the thick- 
ness of the fuller’s earth in the shield was found to increase the 
error very rapidly. It is impracticable to apply the thermos- 
bottle construction here, because of the great difficulty in holding 
even a rough vacuum between metal walls above a red heat. 

Fig. 12 is included to illustrate a type of design which may be 
used to advantage in special cases where direct exposure of the 
thermocouple wires to the gas stream can be tolerated. Ordi- 
narily this will result in contamination of the metals at the june- 
tion by chemical action which will cause erratic readings after a 
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few hours of use at high temperatures. This is especially true 
of small wires in reducing atmospheres. There may be occa- 
sions, however, where the need for minimum size and rapid re- 
sponse to changes in temperature will justify the necessity for 
frequent calibration or replacement which such a design will 
entail. Note the care that has been taken to minimize the tem- 
perature gradient in the wires away from the junction. A short 
radial sheath of the type used in Fig. 10 would cause large con- 
duction errors in a design of these proportions. 

In order to obtain experimental confirmation of the predicted 
effect of high velocities, as shown in Fig. 2, one of the small 
quadruple-shielded mountings (Fig. 10) was fitted with a simple 
butterfly valve arranged to vary the opening at the downstream 
end of the inner shield. This was mounted in a modification of 
the Fig. 3 setup, in which a 2-in. orifice was installed in the 6-in. 
pipe at a distance of 1 in. upstream from the inlet end of the 
shields. With a pressure ratio of about 2'/, to 1 across the orifice 
the thermocouple was thus exposed to a blast of hot gas moving 
at the speed of sound. At 1600 F, this amounted to roughly 2000 
fps. 

The results of the first tests with this arrangement are shown 
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in Fig. 13. The tests were completed just prior to going to 
press and as a matter of convenience no attempt was made to 
duplicate the conditions of Fig. 2, quantitatively. The test 
section of the 6-in. pipe was completely covered with 1 in. of 
lagging to reduce radiation effects. Since an appreciable amount 
of leakage was observed with the butterfly in the “closed” posi- 
tion, an extra run was made at the “00” point after sealing the 
valve with cement. As may be seen, these data confirm the 
fact that there is an optimum velocity of the gas over the the-mo- 
couple if reasonable accuracy is to be secured under these condi- 
tions. 


GENERAL COMMENTS 


It should be evident from the foregoing that something better 
than the ordinary commercial thermocouple mountings are re- 
quired for even a fair degree of accuracy with either the high 
temperatures or high gas velocities considered herein. In 
general it will not suffice simply to calibrate the conventional 
devices, except for very restricted usage, since the errors may 
vary so widely with such factors as gas density, velocity, and 
temperatures, as well as with variable radiant emissivities, and 
other heat-transfer effects. 

A further investigation of this subject might provide an ap- 
propriate research project for a properly equipped laboratory, 
since there is, at the present time, a rapid extension of significant 
activities requiring the use of such techniques for industrial test- 
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ing operations. Specifically, more adequate data are needed on 
actual recovery coefficients of thermometric devices under vari- 
ous conditions; there is still a need for smaller shielded mount- 
ings, preferably with some automatic or inherent feature to pro- 
vide optimum values of V2; and there is a need for suitable 
techniques for measuring still higher gas temperatures. Possi- 
bly it would be worth while to establish the absolute magnitude 
of these errors more accurately, since the “true” gas tempera- 
tures cited refer to an arbitrary standard assumed to be “rea- 
sonably” accurate on the basis of indirect evidence. 
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Discussion 


E. D. Haicier.’ This study is an excellent example of the 
development of theory, the establishment of magnitudes ex- 
perimentally, and then the evolution of an adequate device. 
While the immediate object of the study was specific and mili- 
tary, both the theory and the results have much more general 
application. 

Industrial temperature measurement presents many problems 
which call for careful design and placement of temperature- 
sensitive elements if large conduction errors, and at high tem- 
peratures radiation errors also are to be minimized. In these 
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days of large-scale emergency-plant construction and conversion, 
it is particularly important that engineers understand these 
principles so that specification and installation errors may be 
largely avoided or quickly found. The experimental data pre- 
sented, being in the medium-temperature field, are useful not 
only directly in solving specific measurement problems in the 
combustion and heat-treating fields, but also as examples to give 
an idea of the order of magnitude of conduction and radiation 
errors at these and other temperatures. 


W. W. Jonnson.* It is easy to believe that the errors in 
measuring high temperatures in high-velocity gases can be very 
large if devices are used which are not suited to the conditions. 

The question naturally arises, however, as to whether the 
standard thermocouples in “honeycomb” sheaths actually did 
register the true total temperature of this high-temperature high- 
velocity gas stream. The author apparently recognizes the 
possibility of some doubt in this respect. 

Referring to Fig. 3, apparently no provision was made for 
mixing the gas from the combustion chamber in order to eliminate 
stratification, which might exist to a degree large enough to cause 
some errors, especially in the tests with varying immersion, Fig. 
6. The question of stratification might have been settled by 
comparing the two standard thermocouples, one fixed at the 
pipe center and the other moved in steps across the pipe. More 
data would be desirable as to the agreement between the up- 
stream and downstream standards. Some difference between 
them might be expected because of radiation. 

It is possible that the standard thermocouples themselves read 
too low a temperature at high velocities, since the downstream 
side of a cylindrical sheath or well under this condition is at a 
distinctly lower temperature (and pressure) than the upstream 
side. This effect could have been avoided or reduced by in- 
creasing the pipe diameter at the standard thermocouple sta- 
tions and by “streamlining”’ the cross section of their sheaths. 

If this condition existed, the conclusion would be that the 
errors of thermocouples without screens are even larger than 
those disclosed by these tests. There seems to be no reason to 
doubt the relative differences between the test thermocouples 
and the standards. 


J. H. Marcuant.? Mr. King’s paper represents a very 
generous contribution of the General Electric Company to 
disseminate information where it is vitally needed. However 
there are points in this paper which the writer believes require 
further illumination. They are as follows: 


1 In item 4 under “Theoretical Considerations,” the author 
points out parenthetically that velocity effects are significant 
only at extremely high velocities. On the contrary, velocity 
effects may be significant at any velocity depending upon the 
accuracy required. 

2 In Equation [1], the effect of gaseous radiation has been 
neglected. Since the author is primarily concerned with the 
determination of significant engine-exhaust-gas temperatures, it 
would seem in order for him to justify this assumption in cases 
where the more highly radiating gaseous components of the 
exhaust have been increased as, for example, if detonation 
suppression were effected in the engine by water injection. 

3 Referring to Equation [1], it might have been more en- 
lightening if the author had pointed out that C; is not constant 
but varies, among other things, with any change in the shape of 
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the probe. Such a statement would have made the experi- 
mental work more logical. 

4 In this paper, the author is proposing the use of instruments, 
which are calibrated under steady-flow conditions, to measure a 
significant temperature of a violently unsteady gas stream. 

It is questionable whether or not the response of these steady- 
flow indicators under unsteady conditions has any true thermo- 
dynamic significance, and if so, what it is. 

It would also seem desirable to investigate the response of all 
circuits involved, thermal, electrical, etc., under the unsteady- 
flow conditions of usage. 

5 The author states: “It is theoretically possible to insulate 
the walls sufficiently to maintain 7, = T = T,,etc.” It seems 
if T. = T,, that 7 > T, unless the gas velocity is zero. 

6 The example of the sling psychrometer may lead to some 
confusion on the part of the reader, since it is equally as com- 
plicated as the subject of the paper; and, in addition, it involves 
relatively large mass-transfer effects which are now not well 
understood. 

7 Immediately preceding Equation [3], the author says that 
(as in flow through a nozzle) the resulting kinetic energy is ac- 
quired at the expense of the temperature of the gas. 

This statement is misleading in that this kinetic energy is 
acquired as a result of a decrease in the enthalpy of the gas 
which involves both internal (temperature) energy and pressure 
(elastic potential) energy. 

8 Referring to Equation [3], @ = mass of gas in pounds, not 
poundals as the author says; and g is not the acceleration of 
gravity, but a pure number which is dimensionless and numeri- 
cally equal to the standard acceleration of gravity. 

9 The author points out that a recovery coefficient of 0.6 has 
been assumed for the thermocouple. 

While the writer agrees that this value of @ is reasonable, he 
would like to know whether or not @ has ever been measured for 
the probes described in the paper. 

10 At another point, the author states: ‘Probes of this type 
are unsuitable for high temperatures due to their inadequate 
shielding.” 

On the other hand, it should be pointed out that diffuser-type 
probes, similar to those described by Franz and Eckert, have been 
developed by Pratt and Whitney Aircraft. By means of these 
probes, gas temperatures up to approximately 450 F and veloci- 
ties corresponding to a Mach number of 0.95 have been deter- 
mined to within less than 0.25 per cent. 

It should be pointed out in this connection that the type of 
probe described by the author is primarily useful at high tempera- 
tures and comparatively low velocities. 

Work done by Pratt and Whitney Aircraft indicates that « 
has appreciable Reynolds number effects at the higher velocities. 

In conclusion the writer would like to compliment the authors 
on performing a very difficult piece of research which is compli- 
cated by many pitfalls which may not be apparent to the reader. 


H. F. Muuurxin.$ The depression of the temperature reading 
of a thermocouple due to kinetic-energy effects, dealt with in 
this paper, must certainly be considered when high accuracy at 
elevated temperatures is required. 

It has been pointed out that by definition the static tempera- 
ture of a flowing gas is below the total temperature by an 
amount equivalent to a velocity temperature (which is due to 
the kinetic energy of motion). This is illustrated by Fig. 2 (0) 
of the paper, which also indicates that for high velocities a 


thermocouple will read between the total and the static tempera- 
tures. 
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It is ordinarily implied that the true gas temperature is the 
total temperature. It seems to the writer that the true gas 
temperature can be either the true total temperature or the true 
static temperature, depending upon which is meant. 

The static temperature of a gas is defined as the temperature 
hypothetically measured (i.e., true static temperature which 
should be indicated) by a thermometer moving at the same speed 
as the gas stream. This is the actual temperature of the gas 
whichis radiating heat and is the temperature to be used in formulas 
governing radiant-heat exchange. The fact that the gas would 
have another temperature (true total temperature) if brought to 
rest does not alter this fact. 

It does not follow that a stationary temperature-measuring 
device should necessarily read true total gas temperature just 
because it is not moving with the gas stream. It seems to the 
writer that the ideal temperature-measuring device might also 
be defined as one which would read the true static temperature, 
since this is the actual temperature of the gas that is radiating 
heat. From this point of view it could be said that the tempera- 
ture-measuring thermocouple is in error because it reads above 
the actual (static) temperature (as well as below the total tem- 
perature). While the actual (static) temperature is of interest 
as regards radiation phenomena, the total temperature is of 
importance in considering the heat capacity or heat content 
(enthalpy possessed by the gas.) 

This merely emphasizes the author’s statement as to the 
desirability of determining the relation between the true total 
temperature and the reading of the temperature-measuring 
device but points out that the actual (static) temperature is also 
of importance. 

In measuring hot gas temperatures in steam boilers, the 
partial velocity-temperature error mentioned is, as a rule, sub- 
ordinate to other sources of graver error. That is to say, it is a 
small error among some large errors, these being due mostly to 
slag in gases resulting from pulverized-fuel combustion. Due to 
the cleaner gases in the exhaust from internal-combustion en- 
gines, it should be possible to work to closer accuracy so that the 
refinements discussed in the paper are justified. 

In the high-velocity thermocouples used by the writer which 
were all of a definite type of construction, we were not able to 
note a decrease of the indicated temperature with increased veloci- 
ty as shown in Fig. 13 of the paper. This was undoubtedly due 
to the fact that the construction used resulted in sufficient gas- 
flow friction to prevent the attainment of extremely high veloci- 
ties. 

In the definition of m in Equation [3], mass is given as pound- 
als. Since poundals is a force unit we are inclined to believe 
that pounds mass are meant. 


N. F. Murpuy.® In connection with Fig. 6 of the paper, 
would the author care to comment on the possibility that, in the 
case of the straight thermocouple, the error is primarily due to 
conduction losses, while in the case of the curved thermocouple, 
the error is primarily due to radiation losses when the immersion 
length is approximately 2 in. or less? In the case of the curved 
thermocouple, there is approximately 3 in. more length of surface 
area subject to the effect of the pipe wall. The writer will be 
interested to learn if tests were made to prove or disprove this 
assumption. 


I. M. Srerm.'"® Mr. King has condensed into a relatively brief 
paper a great deal of valuable information on a very complex 
subject. The data submitted in the paper comprise practical 
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and much needed refinements in several generally used arrange- 
ments for measuring high temperatures, and also some data 
pertaining to the general problem, in connection with which 
the author made his temperature measurements. The writer’s 
only criticism of the paper is that, as a result of the considerable 
condensation, the author has not distinguished clearly enough 
between the consideration of temperature measurement as such 
and the other considerations involved in his general problem. 

Specifically, there is some confusion between error in tempera- 
ture ‘measurement and the error which results from using a 
temperature measurement to indicate something else. 

The author defines 7; as the “total”? temperature of the gas at 
rest, and defines 7’, as the “static”? temperature of the gas, hypo- 
thetically measured by a thermometer moving at the same speed 
as the gas stream. He finds that the best thermocouple arrange- 
ment so far devised indicates a temperature intermediate 7; and 
T;. Later he implies that 7; should be taken as the true tempera- 
ture of the gas, and that any departure from 7; represents an 
error in the temperature measurement. 

Actually, all that any thermocouple, free from error in itself, 
could be expected to measure is the temperature 7.,, not 7‘. 
Such a perfect thermocouple, mounted in a fixed position, in a 
high-velocity stream of gas would indicate too high a temper- 
ature because of the partial conversion of the kinetic energy of 
the gas stream. Hence the error in temperature measurement 
would be positive and not negative. 

What the author probably wished to point out is that a moving 
thermocouple to measure 7’, is impractical, and since a stationary 
one will not measure 7, accurately, it would be very helpful in 
his particular problem if the thermocouple could be made to 
indicate 7:; and he has shown how nearly he has succeeded in 
making it do that. Temperature 7T:, however, would never be 
the true temperature of the gas at the point of measurement. 

The true temperature must always be 7,. Even if all of the 
kinetic energy in the gas stream at the “point”’ of measurement 
could be converted into heat energy, and there were no error in 
the thermocouple itself, the measured temperature could not be 
translated accurately into the “total’’ temperature, unless the 
only reduction in temperature between the point of zero velocity 
and the point of measurement were truly represented by the 
velocity of the gas. In other words, any leakage of heat from the 
gas stream between these two points would vitiate the assumed 
relation. 

In this same connection, in the section ““Recommended Shield 
Designs,” it would be desirable to indicate clearly whether the 
errors stated are departures from true temperatures or from 
assumed total temperatures. 


GUENTHER VON Exse.'! It appears that the thermocouple 
designs shown in the paper approach the optimum compromise 
between high accuracy and small size. Concerning the con- 
cluding paragraphs of the paper, one may inquire with what 
means further research of this subject can be carried out. Cer- 
tainly the electrical-resistance method of temperature measure- 
ment offers no attractive possibilities here, since the problems of 
shield design and recovery coefficients would be substantially the 
same as in the thermocouple method. 

There are, however, a number of methods by which the static 
temperature 7, could be measured directly; such measurements 
would supplement the thermocouple studies since, if the gas 
velocity were known, they would allow determination of re- 
covery coefficients by Equation [6] and also yield values of the 
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total temperature 7: which could be compared with the values 
obtained by methods described in the paper. 

Methods of measuring static temperatures are based on ob- 
servation of properties, such as thermal radiation or gas density, 
by various optical means without introducing a fixed test body 
into the gas stream. They cannot compete with the thermo- 
couple method in simplicity and ruggedness of design, but this 
does not detract from their value in calibration work. 

The best known methods are those based on thermal radiation. 
It must be admitted that they have only been applied to tempera- 
tures higher than 1600 F, but the limit of applicability, which 
is a question of sensitivity of brightness observations, can 
probably be extended to lower temperatures. 

Among methods based on density changes, the observation of 
the refractive index is the most promising. It has been little 
used thus far, but it seems to be adaptable to many problems; 
and one would like to see further developments of this technique 
since it offers a means of optical temperature readings below the 
range of brightness observations. 

In calculating total temperature 7; from static temperature 
T,, it should, in principle, be considered that a part of the kinetic 
energy is stored in the turbulence of the stream. It is believed 
that, in a channeled stream, this contribution is insignificant 
and Equation [6] of the paper is substantially valid, with V 
denoting the axial velocity. 


Avutuor’s CLOSURE 


The author is sincerely grateful to Messrs. Haigler, Johnson, 
Marchant, Mullikin, Murphy, Stein, and von Elbe for their 
constructive and helpful comments on this paper. 

In reference to Mr. Johnson’s remarks, the question of strati- 
fication was investigated, very much as he suggests, and the evi- 
dence indicated that satisfactory mixing was effected by the 20 
diameters of pipe ahead of the test section. As he surmises, the 
downstream standard thermocouple always reads considerably 
lower than the upstream standard. The ‘‘true’’ temperature at 
the plane of the test thermocouple was taken as the average of 
these two readings, assuming a straight-line temperature gradi- 
ent. The latter was justified by the fact that the axial tempera- 
ture gradient was small relative to the difference between pipe 
and ambieut temperatures. 

Dr. Marchant’s comments are welcomed as contributing a 
higher degree of preciseness to several passages which were 
written originally in engineering rather than in rigorous scien- 
tific terms. But in most of these instances, the practical sig- 
nificance of the distinction is negligible under ordinary circum- 
stances. For example, in his item 5, Dr. Marchant urges that 
when the pipe wall is insulated so that its temperature 7’, is 
equal to that of the gas 7',, the indicated temperature 7’ is greater 
than 7, unless the gas velocity is zero. This is literally true if 
T, is assumed to be the static temperature. The original condi- 
tion wherein T, = T = T, was mentioned in the first section of 
the paper in a discussion “from the thermal standpoint (neg- 
lecting velocity effects).”.. Even when the velocity is as high as 
100 fps, the difference between 7’ and 7’, is less than 1 deg. 

With reference to his item 4, the significance of the unsteady 
nature of the gas flow appear somewhat overemphasized. The 


gas flow in the main tail-stack of a modern multicylinder air- — 


craft engine is usually so nearly steady that very special instru- 
ments would be required to measure the pulsations. It is granted, 
however, that the effect becomes very pronounced in the case of 
the discharge from a single cylinder. There appears to be no 
adequate method available for measuring the gas temperature 
in this case. 

In answer to Dr. Marchant’s question in his item 9, the actual 
recovery coefficients were not measured for the probes described 
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in the paper. In an earlier series of tests, values of @ in the 
vicinity of 0.6 were obtained for ordinary mercury thermometers 
with transverse air flow. 

As Messrs. Mullikin and Stein very properly point out, the 
“true” temperature of the gas is not necessarily the total tempera- 
ture 7, Under certain circumstances, possibly in most cases, 
the static temperature 7’, may be regarded as representing the 
condition of the gas more appropriately. This is certainly true, 
for instance, in the measurement of the ambient-air temperature 
by means of an instrument mounted on an airplane flying at high 
speed. But it is somewhat like asking whether the static or the 
total pressure more properly represents the “true’’ pressure of a 
gas stream; it depends upon which property of the stream is most 
significant at the moment. In the various applications with 
which the author has been concerned, the total temperature has 
been of prime importance, since this is the maximum temperature 
which may be attained by any object or apparatus exposed to 
the gas stream. 

The use of the term “‘poundals”’ instead of “pound mass’’ in 
defining m of Equation [3] of the paper was due to an oversight. 

In reply to Mr. Murphy’s question, the tests, represented by 
Fig. 6, were run primarily to demonstrate the fact, indicated by 
several other tests, that the error due to conduction is small rela- 
tive to that due to radiation, under these general conditions. 
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It may be seen that, even when the radial immersion was less 
than 2 in., the error was about the same with the straight or 
curved thermocouple, in spite of the fact that the total effective 
immersion was nearly 3 in. greater in the case of the latter. 

Incidentally, the significance of Fig. 6 is not as clear as it might 
be. Two separate sets of data are represented: In one the “‘true”’ 
gas temperature was held at 1690 F, and the temperatures meas- 
ured at various depths were in the vicinity of 1500 F; whereas 
in the other the “true’”’ temperature was 1370 F, and the meas- 
iured temperatures varied between 1235 and 1290 F. 

Dr. von Elbe’s remarks concerning various methods of meas- 
uring 7’, are very pertinent, for there is a definite need for better 
techniques of this sort. There is considerable occasion, however, 
for further work on recovery coefficients of thermocouple sheaths 
and similar shapes, which are significant in the precision testing of 
steam and gas turbines. 

Since the paper was written, the author has found what is be- 
lieved to be the first published reference to the distinction between 
total and static temperatures, in a paper by Sanford A. Moss.” 
The paper includes an interesting discussion of temperature and 
pressure phenomena in high-speed gas streams. 


12°The Impact Tube,” by S. A. Moss, Trans. A.S.M.E., vol. 38, 
1916, pp. 761-797 
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Process Lags in Automatic-Control Circuits 


By J. G. ZIEGLER! anno N. B. NICHOLS,? ROCHESTER, N. Y. 


Methods are given for quantitative determination of 
time lags in automatically controlled processes. The area 
under recovery curves is taken as a direct measure of proc- 
ess difficulty, and this area is shown to vary as the second 
power of the time lag. A “recovery-factor” term, part of a 
complete expression for controllability, is introduced 
which makes possible a classification of processes in di- 
mensions of the process itself, regardless of controller or 
valve mechanism used. Values of this recovery factor from 
various industrial applications are given in tabular form. 
Several processes are examined for the time lag,and means 
of reducing this unfavorable characteristic are demon- 
strated. It is felt that this paper will be useful to engineers 
who are interested in improving the controllability of the 
processes which they design. 


HE importance of automatic controllers in the operation 
ci modern plants is increasing yearly if the number of con- 

trollers used is any indication. Knowledge of instrument 
characteristics is also increasing; the theoretical action of each 
control effect has been expressed as a mathematical equation, 
and the newer instruments follow the equations very closely. 
Adjustment dials are even calibrated in terms of the constants ap- 
pearing in the equations which describe the responses. Indus- 
try’s demands for closer and closer control have forced the de- 
velopment of the refined control effects which the instrument 
manufacturer has supplied. Now it appears that the picture has 
become top-heavy. The science of instrument design has ex- 
ceeded the study of process design for controllability. 

In the application of automatic controllers, it is important to 
realize that controller and process form a unit; credit or discredit 
for results obtained are attributable to one as much as the other. 
A poor controller is often able to perform acceptably on a process 
which is easily controlled. The finest controller made, when ap- 
plied to a miserably designed process, may not deliver the de- 
sired performance. True, on badly designed processes, advanced 
controllers are able to eke out better results than older models, 
but on these processes, there is a definite end point which can be 
approached by instrumentation and it falls short of perfection. 

The chronology in process design is evidently wrong. Nowa- 
days an engineer first designs his equipment so that it will be 
capable of performing its intended function at the normal through- 
put rate plus a factor of safety. The control engineer or instru- 
mentman is then told to put on a controller capable of maintain- 
ing the static equilibrium for which the apparatus was designed. 
The control engineer faced with this do-or-die ultimatum recom- 
mends a type of controller basing his judgment on experience with 
similar jobs. If his analogy is good, the correct controller is 
selected. When the plant is started, however, it may be belatedly 
discovered that, in spite of the correct equipment design for 
steady-state conditions and the correct instrument selection, 
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control results are not within the desired tolerance. A long ex- 
pensive process of “cut and try” is then begun in order to make 
the equipment work. Both engineers realize that some factor in 
equipment design was neglected but generally they can neither 
identify the missing ingredient nor correct it in future design. 

The missing characteristic can be called “controllability,” the 
ability of the process to achieve and maintain the desired equilib- 
rium value. Design for steady-state conditions is not enough if 
exact maintenance of variables is necessary. Control action con- 
sists of continuous correction of process changes, tending to de- 
stroy equilibrium at the desired value and, as such, its study 
involves not steady-state but transient characteristics of the 
process and controller. 

A tubular heater for raising milk to the pasteurizing tempera- 
ture may be designed with ample heating surface, and the steam 
supply may be adequate, but the maintenance of a constant milk 
outlet temperature by steam-valve manipulation is very difficult 
if milk flow or incoming temperature vary suddenly. A good con- 
troller will be able to bring the temperature back to the correct 
value following one of these disturbances but only at the expense 
of some deviation for a certain length of time. During the re- 
covery period a loss results, since any increase in temperature 
spoils the “‘cream line” of the product and any drop requires re- 
processing. These deviations are so important in milk pasteuri- 
zation that most of the equipment now used has been designed to 
make excellent control results possible. 

The problem of equipment design for controllability involves 
transient conditions and transients usually involve exponential 
curves and an order of mathematics not at the finger-tips of the 
average engineer. Even if he were able to deal with transient 
phenomena, he would not know where to start, since to the au- 
thors’ knowledge no complete formula for controllability has ever 
been published. A great many of the factors affecting controlla- 
bility have been identified and investigated in the numerous pa- 
pers sponsored by the A.S.M.E. Committee on Industrial Instru- 
ments and Regulators. All of these factors affect controllability ; 
no one is a complete solution to the problem, and each factor 
uncovered increases the certainty that the problem is a complex 
one, not to be solved inaday. As it now stands the plant designer 
is almost justified in disregarding the entire matter, hoping that 
the magic quantity, controllability, is included in his apparatus 
but turning the burden over to his instrument engineer. 

Sooner or later, however, these factors affecting process con- 
trollability will have to be smoked out and reduced to definite 
“good-practice” rules which will be as much a part of equipment 
design as safety factors. Furthermore, establishment of rules is 
not enough; simple methods of applying the rules must be de- 
veloped at the same time so that the complex mathematics in- 
volved will not be the stumbling block. It was possible to calcu- 
late the equilibrium conditions existing in a fractionating column 
before the McCabe-Thiele method of graphical analysis was de- 
veloped but that method reduced the time required to a reason- 
able figure. 

Unfortunately, the authors are not able to give a formula for 
controllability. It appears that when such a formula is devised 
it will consist of several factors. One might be called the “re- 
covery factor,” the ability of the process to recover from the 
maximum change in demand or load. Another, a “load factor,” 
must take into account the point in the process at which the dis- 
turbance occurs. That expression will cover the thing called 
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“supply and demand side capacity” (1). The third might be 
called the “mobility factor,” the ability of the process to follow 
demands for different values of the variable. This factor would 
be important when controller set points had to be changed sud- 
denly or changed gradually as on a “time-schedule”’ control prob- 
lem. The failure of some time-schedule temperature-control ap- 
plications has been due to lack of mobility, not lack of the re- 
covery factor. Added to these three may be other secondary fac- 
tors as yet unexplored. 

In this paper, a tentative formula is set up for the first or “re- 
covery factor” involving three process characteristics. One of 
these, time lag, is shown to be of primary importance and simple 
methods are given for approximating the time lag on actual ex- 
amples of industrial control installations. This paper then at- 
tempts to deal with only one term in only one of the factors affect- 
ing controllability—the time-lag term in the recovery factor. 


A ConTROL Circuir 
Illustrated in Fig. 1 is a control circuit consisting of a con- 


CONTROLLER 


OUTPUT C) PEN 


1 


troller and a process (2). Note that no control valve is shown, it 
being considered a portion of the process. Between pen and out- 
put lies the controller which transforms pen behavior into appro- 
priate output behavior. The output effects the process, chang- 
ing some variable which is translated into a pen movement 
through the measuring portion of the circuit at the right. If 
for every output there were a definite pen position no controller 
would be necessary and manual control would suffice. The pur- 
pose of the controller is to keep the pen at the desired point in 
spite of the load changes which are shown entering the process at 
several points. It is these load changes which require altered 
output in order that the same pen position be maintained. 

Between output and pen lies the relatively uncharted portion 
of the control circuit, the process. It is with the latter that this 
paper is chiefly concerned, though a brief résumé of the control 
effects present in modern controllers and their characteristics 
must be included if only to establish a terminology. Air-oper- 
ated instruments will be considered simply because they are the 
type most familiar to the authors, so output will be given as an air 
pressure in pounds per square inch. Pen movement will be given 
in inches in most cases. 

In the process examples to follow it will be assumed that one 
set point is to be maintained regardless of process load conditions, 
so a controller with proportional and automatic reset (propor- 
tional-speed-floating) responses will be used. The first of these 
two control effects, proportional response, gives an output change 
proportional to pen movement; the magnitude of this response 
will be called “sensitivity,” and the unit of sensitivity will be the 
output-pressure change per inch of pen movement. Automatic- 
reset response detects the deviation of the pen from the desired 
set point and gives a rate of output-pressure change proportional 
to the discrepancy. The magnitude of automatic-reset response 
will be called “reset rate,’ the number of times per minute which 
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it duplicates the proportional-response output change caused by 
the discrepancy between pen and set point. A third control ef- 
fect called “pre-act’’ or “derivative” response is often used on 
processes with long time lags. This response in its pure form gives 
an output-pressure change proportional to the rate of pen move- 
ment and its unit has been called the “pre-act time” in minutes. 
This response will be considered in this paper only to the extent 
of pointing out the processes on which it could be used effectively. 


Process REACTION CURVE 


The magnitude of controller responses can be determined by 
impressing various pen movements and noting the resulting out- 
put-pressure behavior. It would appear reasonable then that 
some process characteristics could be identified by impressing 
an output-pressure change and noting the resulting pen behavior. 
The authors (5) have found that the “reaction curve” drawn by 
the pen in response to a sustained change in output pressure can 
be analyzed to give a fair picture of the process from the stand- 
point of optimum controller settings. 

In order to visualize a process-reaction curve, consider the 
control circuit of Fig. 2 in which an actual process replaces the 
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WATER_IN 60°F TO 


TANK CAPACITY — 200LB. WATER 


WATER OUT 20 LB. PER MIN 


INCHES 


MINUTES 
Fic. 2 


blank box of Fig. 1. Cold water flowing to a tank is heated by 
steam injection and flows at constant rate through a pipe line 
to the bulb of a temperature controller located some distance 
away. The pen moves in response to temperature changes at the 
bulb, and the output pressure alters valve opening and the cor- 
responding steam flow to the tank. The principal load change 
on the process comes from variations in the temperature of in- 
coming cold water. This precess is chosen because it exhibits 
the least complex type of time lag, notably a “distance velocity” 
(3), or dead-period lag. A definite length of time is required for 
water from the tank to flow to the bulb; consequently, the tem- 
perature of water at the bulb will lag the tank temperature by 
this interval. 

Actually there are other lags, in the control circuit of Fig. 2, 
such as the lag of the bulb to changes in water temperature, the 
lag of moving the valve from one position to another, and small 
lags in the controller itself. In addition, the heat content of tank 
walls and of the pipe leading to the bulb would have an effect but 
it can be assumed that these factors are negligible in the example. 

If the system Fig. 2 were in balance at a constant temperature 
and a small sustained change in output pressure of F pounds 

per square inch were made which opened the steam valve slightly, 
the tank temperature would immediately start to increase to- 
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ward a new balance point. After the interval necessary for water 
to flow from tank to bulb, the pen would move accordingly. This 
process-reaction curve is shown in Fig. 2. Two characteristics of 
the reaction curve are used to determine the optimum controller 
settings, the “lag’’ L (minutes) and the maximum rate of pen 
movement caused by the impressed output change which is 
called the reaction rate R (inches per minute). Experimental 
work has shown that optimum settings for a controller with 
proportional-ind-automatic-reset responses are approximately 


0.9 F 
RL 


Sensitivity psi per in 


0.3 
per min 


4 


ll 


Reset rate 


These settings appear to be very nearly correct on the processes 
tested for wide variations in the values of R and L. On those in- 
frequent processes in which L becomes greater than Z), Fig. 2, 
the settings given are too conservative. 

There are two drawbacks to the use of experimental reaction 
curves for process analysis. In the first place the disturbance 
caused by running a reaction curve, can seldom be tolerated on a 
continuous process. In the second place, it is necessary to have a 
process on which to run the test, and this the designer does not 
have since pilot-plant and full-scale units will usually have 
widely different control characteristics. Nevertheless, reaction 
curves are very practical because they give a simple pictorial 
representation of a process and an explanation of process difficul- 
ties which is almost impossible to reach by chasing air, steam, and 
temperatures around the control circuit. In addition, process- 
reaction curves can often be calculated quite easily as will be 
shown. In fact, it is often easier to calculate a reaction curve 
than to believe that so simple a picture actually gives an indica- 
tion of controller settings. 


CaLcuLaTED REACTION CURVE 
In order to calculate the controller settings required for the 
process of Fig. 2, it is only necessary to find values of F, R, and L. 
Assume the fol!owing data: 


Water in line between tank and bulb, Ib... ae 12 
Steam flow (maximum) lb per min............. 6 
Incoming-water temperature (minimum), F..... 60 
Incoming-water temperature (maximum), F..... 100 
Outlet-water temperature, F................... 160 


Diaphragm-operated valves normally require a pressure change 
of about 12 psi to give full stroke. Each pound per square inch 
change in output will make '/, of the total steam flow of 6 lb per 
min or '/, lb per min. This assumes that the valve has the linear 
characteristics which are correct for this process (4, 5). If the 
tank temperature were constant at 160 F and a 2-psi change in 
output were made, increasing the heat flow by 1000 Btu per min 
the tank temperature would start to rise 1°°°/20 or 5 F per min. 
Assuming 1 in. on the instrument chart or scale equivalent to 25 
F, the reaction rate R, resulting from a 2-psi change in output, 
would be 0.2 in. per min, and the unit reaction rate R, for a 
1-psi change would be 

02 
F 

The time lag of the process will be the time necessary for the 
water flow of 20 lb per min to displace the 12 lb of water between 
tank and bulb 


= 0.1 in. per min per psi 


L= = = 0.6 min 
20 


The controller settings for proportional-and-automatic-reset 
responses will then be 
0.9F 09 


Sensitivity = —" RL = 15 psi per in. 


0.3 
Reset rate = gg 0.5 per min 


In terms of output pressure, the maximum load change, AF, 
which can occur in the process would be the difference in heat in- 
put required to raise 20 lb per min of 60 F water to 160 F and 
that required for 100 F inlet water divided by the valve constant 
of 500 Btu per min per psi 

(20)(160 — 60) = 2000 Btu per min 
(20)(160 — 100) = 1200 
Maximum load change 800/500 = 1.6 psi = AF 


Now let us see how this calculated reaction curve can be trans- 
lated into one measure of process controllability. 


ll 


Recovery Factor 


On this process, a controller adjusted to the foregoing values of 
sensitivity and reset rate would correct the maximum load change 
of 1.6 psi (incoming-water change from 60 to 100 F) at the ex- 
pense of a recovery curve similar to that shown in Fig. 3. The 


RECOVERY CURVE 


NET AREA — 5.3 DEGREE-MINUTES 


DEGREES 


MINUTES 
Fig. 3 


shaded area under the curve can be taken as a measure of maxi- 
mum process difficulty inasmuch as recovery curves for load 
changes smaller than 1.6 psi would enclose less area. In order to 
determine the area, it is only necessary to remember that auto- 
matic-reset response changes controller output at a rate propor- 
tional to the distance between pen and set point, the latter con- 
verted by proportional response into an output change. It can 
be shown that the “net area” under the recovery curve of Fig. 3 
will then be equal to 


Net £ i {1] 
(S) (RR) 
where AF = load change, psi 
S = sensitivity, psi per in. 
RR = reset rate, per min 


The worst load change of 1.6 psi which can afflict the process 
considered will then produce an area of 0.21 in-min or 5.3 
deg-min. 

It is obvious from Equation [1] that lowering either controller 
setting will increase the net area. Likewise, increasing the sen- 
sitivity will increase the amplitude ratio of oscillations in the 
recovery curve and also increase the area. Raising the sensitivity 
from 0.9/R,L to 2/R,L would give an oscillation which would 
never die out and the area would become infinite. An increase 
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in reset rate would allow the recovery curve to swing on both 
sides of the set point adding a negative area as shown in Fig. 4. 
This reversed swing would undo an equal portion of the work 
done by automatic reset while the pen was above the set point 
and the total area would become 


Total area = (net area) + (2) (negative area)............ [2] 


In the authors’ experience the settings given reduce the total 
area to about the minimum possible without introducing an ad- 
ditional control effect such as pre-act response. 

If the optimum controller settings are then 
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The difference between the controller-output-pressure readings 
at minimum and maximum loads is equal to AF pounds per 
square inch. The recovery factor is then 

(AF)(P,) . 


Recovery factor = AFR,L? = a in-min...... [9] 


Miscellaneous values of AF, Rj, L, and the recovery factor 
taken from various applications are given in Table 1 only to show 
the range of recovery factors. Note that on the temperature- 
control applications the recovery factor is also converted to 


0.9 TABLE 1 FACTORS FOR VARIOUS APPLICATIONS 
Sensitivity = {3] AFRiL’, 
RL AF Ri L in-min AFRiL? 
Ammonia absorber........... 10 0.07 8.7 53 1100 Deg F-min 
Fractionating column........ 5 0.06 7.5 17 410 Deg F-min 
R 0.3 0105444 3 0.38 2.1 5 240 Deg F-min 
eset rate [4] Oiktube still... 3 0.13 3.1 3.7 180 Deg F-min 
L 6 0.02 4.5 2:4 45 Deg F-min 
These values may be substituted in Equation (1 ] 2 0.17 0.03 0.0003 0.008 Deg F-min 
to give 0.6 0.2 0.08 0: 0006 0.036 Psi-min 
AST OF 0.008 0.0006 Psi-min 
4 0.56 0.12 0.032 0.55 Gal 


Net area = 3.7AFR,L? in-min....... [5] 


In the recovery curve of Fig. 3 where the net area is equal to the 
total area, the latter is also equal to 3.7AFR,L?. This holds true 
for processes similar to that shown in Fig. 2 where the load 
change occurs at essentially the same point in the circuit as that 
at which the output-pressure effect takes place. This is the same 
as saying that processes in which the reaction curve, caused by a 
sustained change in load, and the reaction curve caused by an 
equivalent valve change are identical, the net area is equal to the 
total area, and the total area is equal to 3.7 AFR,L?. Quite often, 
however, load changes occur at other points in the circuit, and the 
recovery curve swings on both sides of the set point, even at 
the optimum controller settings. This would be the case in the 
process of Fig. 2, if the principal load change were not the tem- 
perature of incoming water but a heat gain or loss in the pipe line 
between tank and bulb. In that event the total area would be 
greater and a “load factor” would replace 3.7 in Equation [5] 
when solved for the total area under a recovery curve from maxi- 
mum load change. The total area can be expressed as 


Total Area = (Load Factor) (Recovery Factor)..... (6) 


where both the load factor and recovery factor are characteristics 
of the process. The effect of load changes at various points in the 
process has not been completely investigated by the authors so 
they cannot quantitatively fix the load factor except for the 
limited case noted in which it is equal to 3.7. This factor has been 
qualitatively investigated by others as the relation between sup- 
ply and demand side capacities (1). The recovery factor, 
AFR,L?, equal to 0.0575 in-min or 1.44 deg-min in the given ex- 
ample, has been used by the authors as a means of process classi- 
fication and appears to be a good yardstick for evaluating this 
phase of process controllability. 

In a previous paper (5), it has been pointed out that values of 
R, and L can be determined during adjustment of a controller on 
an application. The proportional-response sensitivity, which 
just gives sustained oscillation, is called the “ultimate sensi- 
tivity” S,, and the period of oscillation at this sensitivity is called 
the “ultimate period” P,. If S, is taken in pounds per square 
inch per inch, and P, in minutes, R, and L are determined by the 
formulas 


in. per min per pei.........- [7] 


(Py) (Sy) 


“degree-Fahrenheit-minutes,” and the pressure-control applica- 
tions given as “psi-min.”” Temperature and pressure applica- 
tions can only be compared on the “inch-minute”’ basis. Most 
of these values are calculated from ultimate sensitivity, period, 
and AF readings, taken during instrument adjustment. Some are 
taken also from experimental reaction curves. 

Determination of ultimate sensitivities and periods during con- 
troller adjustment and subsequent notation of maximum and 
minimum output-gage readings provide a ready means of ar- 
riving at process characteristics in terms of the recovery factor. 
It is hoped that industrial plants will tabulate these data for all 
control applications so that a rational classification of processes 
will someday result. 


Process Design To Repuce Laa 


The recovery factor has been identified as one of the important 
characteristics determining the controllability of industrial proc- 
esses. Let us now turn to the question of process redesign to re- 
duce this factor. In the process of Fig. 2 a reduction in size of the 
maximum load change would reduce the recovery factor although 
generally load changes are a “‘death and taxes’’ sort of quantity 
and cannot be avoided. Assuming this is the case in the process 
of Fig. 2, our efforts will have to be directed at R; and L. An in- 
crease in tank size will reduce FR, since the heat storage will be in- 
creased. The effect of doubling the tank size would be to halve 
the unit reaction rate and consequently double the proportional- 
response sensitivity. Fig. 5 shows that each wave in the new re- 
covery curve would have just one half the amplitude as before so 
the area would be halved. Qbviously a reduction in valve size 
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would reduce &, but increase AF proportionately. In this case, 
and generally, reduction of 2,AF in a process entails increase in 
the physical size and cost of the apparatus. 

Moving the bulb to a position one half as far from the tank 
would halve the lag of our process and allow both sensitivity 
and reset rate to be doubled. The new recovery curve. Fig. 6 
would have one half the amplitude and one half the period of the 
former process and consequently only one fourth the net area. 
This is shown by the recovery factor which varies as the second 
power of the lag. Reduction of process lag usually means only 
a process rearrangement and has a greater proportionate effect 
than comparable change in R;. The remainder of this paper will 
therefore consider only means of reducing process lags, leaving a 
study of reaction rate for a future paper. 


Lac oF Mu tripue-Capaciry 


It will be relatively easy for the process designer to identify 
the simple distance-velocity lags and take steps to reduce them to 
aminimum. Faced with the process of Fig. 2, he would move the 
temperature bulb as close as possible to the tank. Unfortunately, 
however, most processes are made up of a series of resistances and 
capacities and the effective lag is a complex function of the num- 
ber and size of these RC (resistance-capacity) units (3). Exact 
determination of lags is not usually necessary and it is believed 
that the following method of approximation is sufficiently accu- 
rate for practical purposes: 

In Fig. 7 another process is shown in which a constant flow of 
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water is heated in one tank and overflows to a second tank. The 
reaction curve for this process would be S-shaped. It has been 
found by experiment that this reaction curve can be approxi- 
mated by the two dotted lines in Fig. 7. The slanting line is 
drawn tangent to the point of inflection and intersects the original 
temperature a time L after the output change was made; this 
time of L min being considered the effective time lag of the circuit. 

In order to determine the lag in this circuit, it is first necessary 
to evaluate the time constant of the two principal capacities 
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separately. A sudden change in steam flow of say 100 Btu per 
min to the first tank would cause its temperature to rise as shown 
in Fig. 8, rapidly at first and then slower and slower as it ap- 
proached the new equilibrium point. This curve is an exponen- 
tial curve and has one characteristic in which we are interested. 
At any instant, the temperature is rising at a rate proportional 
to the remaining temperature difference, so it would always reach 
equilibrium in a definite length of time if it continued at that rate. 
Note that the two tangents to the curve of Fig. 6 reach the final 
temperature in the same interval. This time has been called the 
“time constant,” “characteristic time,” “lag,” etc. (2, 6) of the 
exponential curve. Here it will be referred to as the “impedence,” 
Z, of the RC unit. The sudden introduction of 100 Btu per min 
to tank 1 over and above the amount of heat necessary to main- 
tain 160 F will first cause the tank to rise at a rate of 100/200 or 
1/2 F per min. Eventually the 20 lb per min of incoming water 
will be heated 100/20, or 5 deg to 165 F and the system will again be 
at balance. The impedence, Z, of the curve is then 5 deg divided 
by 1/, deg per min or 10 min. Any other change in heat flow 
could have been used still giving the same value. In like manner 
the second tank alone would respond to a sudden change in its 
incoming-water temperature by giving a similar curve with an 
impedence z of 5min. The response of both tanks together to a 
sudden change in heat input of 100 Btu to tank 1 is shown in Fig. 
9. Tank 1 rises on an exponential curve with a 10-min time; 
the temperature of tank 2 rises on the S-shaped curve. At any 
time A it is rising at such a rate that it would reach the corre- 
sponding incoming temperature B, 5 min later at C. This curve 
is complex mathematically but the lag L can be readily deter- 
mined from Fig. 10. The ratio of z/Z is 0.5, showing a factor of 
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0.39. The smaller z multiplied by this factor gives L for the two 
impedences of 5 and 10 min as (0.39) (5) or 1.95 min. Actually L 
for the entire circuit would include an impedence due to the valve 
motor and one due to the bulb but in this case they are small by 
comparison and can be neglected. 

Reduction of L in the circuit can be accomplished by reducing 
the impedence of either unit, preferably the smaller. Making 
tank 2 one half as large would cut its time to 2'/, min, and L 
would become 1.25 min, while halving the size of tank 1 so that 
both tanks had 5-min impedences would only reduce L to 1.41 
min. Thus tank 2 should be considered first and the greatest 
possible reduction made in its capacity. 

If tank 2 could be completely removed and the bulb placed in 
tank 1, the system would apparently have only one capacity and 
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consequently no lag. A great deal of work has been done on these 
single-capacity systems (7), although they are only approached 
in industrial circuits since other impedences become appreciable. 
In this case the impedence of the valve would enter the picture 
as small z. 

The response of diaphragm valves to a sudden output change 
at the controller is not a true exponential, although an approxi- 
mate impedence can be used which varies with motor size, con- 
troller-relay-valve capacity, and the friction in the line between 
controller and valve. Figures between 0.05 min and 0.5 min are 
found on different sizes of valves with a multiplying factor of 2 
or 3 for long connecting lines. A normal figure might be 0.15 
min. Eliminating tank 2 would then leave two major impedence 
units again, tank 1 with 10-min impedence, and the diaphragm 
valve with 0.15-min impedence. The lag from Fig. 10 would be 
0.13 min. This lag represents about the lowest limit for consider- 
ing the use of the derivative (pre-act) responses now available. 
Some reduction in lag could be accomplished by reducing the size 
of valve motor or length of connecting line though this is not always 
possible. 

Further improvement then would consist of complete elimina- 
tion of tank 1, making the process simply a steam-water mixer, 
at which time another impedence would become appreciable, that 
of the bulb. A definite amount of heat is required to raise the 
temperature of a bulb and there is only so much area through 
which the heat can flows,so the controller bulb in the flowing water 
would have a definite impedence. This time for bulbs has been 
investigated quite thoroughly and data are available (6,8). 
With water flowing at good velocity past a bulb its time is 
roughly 0.05 min. The remaining combination of Z = 0.15 for 
the valve and z = 0.05 for the bulb would give, from Fig. 10, a 
lag of 0.022 min or 1.3 sec. If the bulb were located a short dis- 
tance downstream of the mixing point, a small distance-velocity 
lag might exist which could be added to the 0.022-min figure. 
Successive reduction in the number and size of impedences in the 
circuit of Fig. 7 has made possible a 100 to 1 reduction in L. 
Note that only the time-lag term in the recovery factor is being 
considered. In certain cases the increased unit reaction rate 
which may attend reduction in lag can overbalance the good re- 
sults although in general any reduction in lag will improve con- 
trollability. 

The complete reaction curve for the circuit of Fig. 7 is not 
quite the same as that of Fig. 9 since the former has the actual 
valve and bulb impedences included. With small error the lag 
shown in Fig. 7 can be calculated by adding the two small times 
of 0.15 and 0.05 to the 1.95-min lag of the two principal imped- 
ences giving a total circuit lag of 2.15 min. This problem of ap- 
proximating the circuit lag when several impedences are present 
divides itself into three groups: 

1 The lag of a circuit consisting of one very large and several 
very small impedences will be very nearly equal to the sum of the 
smal] ones. Example: One 10-min and three 0.05-min imped- 
ences would give a lag of approximately 0.15 min. 
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2) The lag of a circuit consisting of two large and several very 
small impedences is approximately equal to the lag of the two 
major times determined from Fig. 10 plus the smaller times, Ex- 
ample: The lag resulting from one 8-, one 3-, and two 0.1-min 
impedences would be the lag of the two larger ones, 1.8 min, 
plus 0.2 min, or 1.5 min. 

3 The lag of a circuit consisting of several equal impedences 
is found from Fig. 11. Example: Five impedences each with 
time Z of 0.8 min would give a lag equal to 5 X 0.42 X 0.8 or 
1.68 min. This case is found in fractionating columns, absorbers, 
etc., where each plate from the point of measurement up to a regu- 
lated liquid reflux flow constitutes an impedence equal to the 
volume of liquid held on each plate divided by the reflux volume. 
Several impedences much smaller than the value of the large 
equal ones can be added directly to the lag found from Fig. 11, 
without much error, e.g., two 0.1l-min impedences would in- 
crease the foregoing lag to 1.88 min. 


PRESSURE CONTROL 


The simple pressure-control circuit shown in Fig. 12 can have 
three appreciable impedences, namely, valve, tank, and meas- 
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urement. The valve impedence can be taken as 0.15 min. The 
measurement impedence varies widely and depends upon the 
length and size of connecting tubing, upon the material in the 
line, and upon the volume displacement of the measuring element 
in the controller. For air pressures measured by Bourdon springs 
with °/j-in-ID connecting tubing the time will be about 1 sec 
per 100 ft of tubing. In this problem we will assume a 0.01- 
min measuring impedence, The tank impedence will not be con- 
stant at all loads but will be a maximum at the no-load condition. 
With no outflow, the slightest valve opening will cause the tank 
pressure to rise toward the supply pressure of 100 psi, so under 
these conditions the impedence will be essentially infinite. At 
any rate it will be a great deal longer than either of the other 
two impedences in the circuit, so rule 1 applies and the circuit 
lag will be equal to 0.15 + 0.01 or 0.16 min. 

A pressure-control application can often be improved by re- 
ducing the length of tubing between tank and instrument or fill- 
ing the tubing with aless viscous medium. Using a smaller valve 
motor and shortening the air connection between instrument and 
valve can reduce this impedence. The “booster relays’’ offered 
by some manufacturers are designed to give faster valve action 
As a general rule, damping introduced in either the measurement 
or output connections will increase the lag since these applica- 
tions follow rule 1. 


FLow ContTrRoL 
In a liquid-flow-control circuit such as that of Fig. 13 there are 
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only two appreciable impedences, those of valve and measure- 
ment. Except for small inertia effects in the flowing liquid its 
flow rate follows valve movement. Measurement time varies 
with manometer displacement, length of connections, and material 
moved in the connecting lines. The response of the mercury 
manometers used in industry while not a true exponential can be 
given an effective impedence which is generally not less than 0.15 
min, even with short connecting lines filled with material of low 
viscosity. Combining this with a normal valve impedence of 
0.15 min the lag shown in Fig. 10 is 0.04 min. This checks well 
with actual practice since the 0.04-min lag would give an ulti- 
mate period (5) of 4 times this value or 10 sec. Industrial flow 
controls rarely show periods less than this figure. Reduction of 
either valve or measurement impedence improves a flow-control 
application; the former has been covered under the pressure- 
control example. Manometer impedence can be lessened by 
opening the mercury-damping valve with which most are equipped 
and locating the manometer as close to the orifice as possible 
using remote transmission systems if it is necessary to carry the 
indication of flow to a central panel. Recent development of so- 
called “aneroid’’ manometers is a step in the right direction, as 
they have less inherent resistance to change and less displacement 
than the corresponding mercury type. 


Ain HEATER 


Control of conventional air-heating apparatus represents a 
rather difficult control application when air temperatures must 
be held within close limits and must recover quickly from changes 
in load. A good example of current interest is the problem of 
controlling carburetor air temperature in aircraft-engine testing 
where the multitude of readings cannot be taken until carburetor 
air temperature is correct. The wide change in heating load oc- 
curring when engines are “gunned” must be corrected quickly as 
time is an important factor. 

Conventional design of air-heating equipment usually neglects 
all consideration of the priceless ingredient, controllability, and as 
aresult adequate control is often not attained. Fig. 14 shows the 


system normally used and its reaction curve. A tubular steam- 
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heated surface is placed in the air duct, a bulb installed down- 
stream, and a control valve located on the steam line to the heat 
exchanger, Three appreciable impedences are present, the valve, 
the heating surface, and the bulb. The data are given in Fig. 14; 
an air flow of 10 to 40 lb per hr at some temperature between 0 
and 70 F is to be heated to 80 F with steam at 50 psi. 

The heating surface necessary for maximum load of 40 Ib per 
min of zero-deg air would be approximately 75 sq ft, after in- 
cluding a factor of safety. The weight of metal in the heating 
surface would be in the neighborhood of 150 lb which would have 
a heat capacity of about 15 Btu per deg. 

The impedence of the heating surface will vary with load but 
will be greatest under minimum load. In this case it can be most 
easily estimated by calculating the equilibrium existing at mini- 
mum load and finding the rate of fall toward incoming-air tem- 
perature with no heat inflow. To heat 10 lb per min of 70-deg 
air to 80 requires 23.7 Btu per min. The temperature of the 75- 
sq ft heating surface will only be a few degrees above the air 
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temperature, say 83 F. If, from this equilibrium, the steam were 
suddenly shut off, the heating-tube temperature would fall 
toward 70 F, the incoming air temperature. The initial heat 
flow would be 23.7 Btu per min which if continued would dis- 
sipate the 15  (83—70) or 195-Btu content of the metal in 195 
/23.70r8.2min. The heat-content figure of 195 Btu assumes that 
all the metal in the coil is at the 83-deg skin temperature, which is 
essentially correct inasmuch as the air film constitutes the largest 
resistance to heat flow. It also disregards the heat content of the 
steam in the tubes but the 8.2-min figure for surface impedence 
is sufficiently exact to show the weakness of the system. 

Impedences of bulbs in air are quite large and depend upon 
bulb diameter and air velocity. The time in min for a '/,-in- 
diam bulb is about 100/U°-* where U is the air velocity in feet 
per minute. The constant of 100 for '/.-in. bulbs becomes 72 
for 3/s-in. bulbs, 23 for */js-in. bulbs, and 12 for '/s-in. capillary 
bulbs. If 1000 fpm is taken as maximum duct velocity in this 
problem, minimum velocity would be 250 fpm and the impedence 
of a */\¢-in-diam bulb would be 1.4 min. The small steam valve 
would have an impedence of about 0.1 min. 

The circuit lag can then be evaluated by combining the three 
impedences of 8.2, 1.4, and 0.1 min according to rule 2 which 
gives a lag of 0.88 min. Sudden changes of air flow through the 
duct of Fig. 14 will cause disturbances from which the system can 
recover only after a considerable time has elapsed. The period 
of oscillation (5) will be about 5.7 L, or 5 min, and if two appreci- 
able waves are required in the recovery curve before the correc- 
tion is essentially complete, at least 10 min will have elapsed. 
This delay is generally intolerable in aircraft-engine testing. 

The process of Fig. 14 could be improved somewhat by install- 
ing a bulb of smaller diameter although even the '/;-in. bulb 
would still leave a process lag of 0.64 min. Pre-act response in- 
cluded in the controller would reduce the effective lag by per- 
haps 40 per cent to 0.4 min. Even so the period of oscillation 
would be 2.3 min. So instead of patching up this poor process 
let us consider a complete redesign keeping our eyes on controlla- 
bility. 

In Fig. 15 a rearranged process is sketched which has only 
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two appreciable impedences instead of three. Air flows through 
two ducts in parallel; one contains the heating coil, the other is 
a by-pass. Temperature is controlled by operating a damper to 
mix cold and hot air. Since this system is designed for controlla- 
bility, the smallest-diameter bulb available will be used, even 
though it is no longer the controlling (smaller) impedence. The 
motor for damper operation will be somewhat larger than be- 
fore so its time can be estimated at 0.15 min. The bulb will have an 
impedence of 0.76 min, which combined with the 0.15-min valve 
impedence gives a circuit lag of only 0.08 min. This compares 
favorably with the 0.88-min lag of the first system. Further re- 
duction in lag could be accomplished by using a “booster relay’”’ 
to lower the valve impedence. Decreased bulb impedence would 
have only a small effect on the lag. 

The increased controllability of this process over that shown in 
Fig. 14, if measured in terms of the recovery factor, would be as 
the ratio of the lags squared or 120 to 1. This is not an insignifi- 
cant improvement. It should also be noted that AF in the re- 
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covery factor would also be reduced by the redesign because very 
little repositioning of the damper would be required to compen- 
sate for a large increase in the air flow. The ratio of hot and cold 
air would remain essentiaily constant as long as incoming tem- 
perature remained the same. 


CoNcLUSION 


In this paper the authors have attempted to show the quanti- 
tative effect of process time lag on control. One yardstick for 
the measurement of controllability, the recovery factor, has been 
introduced which seems to show that controllability varies as the 
square of the lag. Equations have been given for determination 
of the recovery factor on control circuits during instrument ad- 
justment, so that this characteristic of processes may be easiiy 
found and tabulated. Rapid solution for the effective lag of mul- 
tiple-capacity circuits is made possible by Figs. 10 and 11, and 
illustrative problems have been solved. 

The few examples, illustrating lag reduction by process re- 
design, should point the way toward a better understanding of 
this important step in control improvement. Methods must 
also be made available for evaluating the other factors affecting 
controllability, as well as the terms other than lag in the recovery 
factor. Analysis of tubular liquid heaters for lag is possible, but 
an example was omitted from this paper, as the authors feel that 
their present method can be simplified considerably. It is hoped 
that the picture of controllability, and the methods developed in 
this paper for lag determination, will be of some immediate as- 
sistance to the conscientious process engineer who is anxious to 
include greater controllability in the equipment he designs. 
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Discussion 


W. F. Hicxes.‘ Ever since the instrument industry learned to 
make controllers with two and three types of response, the on-off 
controller has been regarded as a “poor relation” not to be men- 
tioned in the same breath with its betters. Yet every practical 
instrument man knows that on-off control is the best control for 
the many processes which are essentially single capacity and sub- 
stantially free from distance-velocity lag. It is interesting to see 
the result obtained by applying the authors’ methods of calculat- 
ing controller settings to such a process. It was stated that for 
optimum performance 


0.9 
Sensitivity = RL 


However, for a single-capacity process without distance-velocity 
lag, the reaction curve has its maximum slope at the origin and 
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L = 0. Substituting this value in the previous equation, we find 
that the optimum sensitivity is infinite. In like manner, we may 
calculate reset rate with a similar result; the optimum reset rate 
is infinite. Since a controller having infinite sensitivity or in- 
finite reset rate is an on-off controller, we have confirmed the con- 
clusion reached through practical experience that, for the case 
under consideration, the on-off controller is the best controller. 
Thus, the lowly on-off controller is not a cheap substitute that 
will “get by” but is actually supreme in its proper field. 

It should be added in passing that this applies only to a true 
on-off controller, one without appreciable dead space or throt- 
tling action. Also, even the most perfect on-off mechanism will 
be worthless if a sluggish thermal system or inadequate control- 
relay capacity makes a single-capacity process effectively multi- 
capacity. 


P. W. Keppcer.® The fact is brought out in this paper that 
the recorder (or indicator) type of flow controller in many cases 
suffers excessively from the inertia accompanying the metering 
element. The authors have made no mention of the nonrecording 
(and nonindicating) type of flow controller in which the motion 
of the measuring elements is made negligible, thereby eliminating 
fluid displacement (as well as other bad effects due to the motion 
of the sensitive measuring elements). Nonrecording and non- 
indicating flow controllers are of course used very extensively. 

The authors recommend placing the metering element of the 
indicator close to the orifice and using a device for remote in- 
dicating. This, however, only eliminates fluid displacement in 
connecting tubing, not that in the meter, nor the inertia of the 
meter. 

A much better solution would probably be to make the instru- 
ment servo-operated and thereby derive an inertia-free flow 
measure for controlling. For example, the flow differential could 
be converted into air pressure by a suitable pilot-valve arrange- 
ment, essentially without fluid displacement. This air pressure 
could in turn be used for controlling as well as for recording or in- 
dicating. This would probably cost no more than a device for 
remote indicating, and would appear to offer a much better solu- 
tion. 

Besides eliminating inertia, an essentially motionless sensitive 
element should also be much easier to make accurate and durable. 

These thoughts would seem to apply to a greater or lesser ex- 
tent to all controllers and instruments where improvements can 
be economically justified. 


A. A. Markson.® This paper must be rated as a substantial 
addition to the Society’s literature on automatic control. The 
method of attack is empirical and experimental and will probably 
find a certain disfavor among “control mathematicians.’”? What 
is not generally realized is that the differential equations of highly 
irreversible processes are well handled by systematic empiricism. 
This is a platitude to workers in the fields of heat transfer, hy- 
draulics, and aerodynamics, to name several. From this point of 
view, the writer considers the authors’ work as a valuable step in 
this direction. However, empiricism, which is not carefully 
founded on the fundamental equations of a science, should be 
handled cautiously. While the authors’ formulas for “reset rate” 
and “sensitivity” are undoubtedly very useful, the writer be- 
lieves it worth their trouble to set these formulations up in di- 
mensionally consistent form. For example, reset rate is given the 
dimension “per minute,”’ which is at the least somewhat confus- 
ing. 

The examples given to show how controllability may be im- 
proved are worth study. The interesting case of where control 
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may be improved by a change in the controlled variable 
or by the use of auxiliary variables has not been considered, 
doubtless as being outside of the scope of the paper. One illus- 
tration of the former will serve to show how, in certain very prac- 
tical applications, the choice of the proper controlled variable 
radically alters the controllability of the process, Let us suppose 
it is desired to control the temperature in a deaerating water 
heater by bleeding live steam to the heater. This control may be 
effected either from the heater water temperature or from the 
heater pressure, since the two are uniquely related. Both prac- 
tice and the principles of the paper show that the pressure control 
is usually preferable. 

The matter of terminology is a troublesome one in the control 
field. Use of coined words such as “pre-act” and “impedence” 
will naturally encounter the purist’s scorn. Yet they have much 
to recommend them because, like a good trade-mark, they identify 
some very definite phenomena with their proper field of tech- 
nology. The use of the term “sensitivity” to denote proportional 
response is unfortunate. To bring this point out clearly, consider 
the use of the term as applied to galvanometers, the sensitivity 
of which is often referred to as deflection per microvolt. If we 
take a relatively crude galvanometer and add a relay or 
magnifier to it, we can give it the same deflection per microvolt 
as a better instrument. Thus, the two instruments have now 
the same “sensitivity,”’ as defined by the paper. Yet changes can 
occur which will cause absolutely no response whatever in the 
poorer instrument. 

It does not seem right to appropriate a term long used in me- 
trology as a figure of instrument merit merely to denote relay ac- 
tion, especially since there is still a definite need for reserving it as 
a figure of merit even in the control field. The use of this term 
for proportional response goes back, without doubt, to the days 
when controllers “hunted”? because they were too “sensitive.” 
The term we employ to denote proportional response is 
“gracient.”” When used in a resetting controller, it is denoted as 
“temporary gradient.’’ This but adds one more expression to the 
terminology of control which is badly in need of standardization. 


J. B. McMaunon.’? This paper discusses how process lags af- 
fect process “controllability,” in an attempt to make it possible 
for process designers to incorporate “controllability” in their 
designs, as well as the other necessary factors. However, the 
basic assumption is made in the paper that “controllability” is 
a matter of degree, or difficulty, and that all processes are control- 
lable to some extent. 

This is frequently not the case. Before the difficulty of con- 
trolling a process can be checked or calculated, it is necessary to 
determine whether it is controllable at all. This question has 
never been widely discussed in the literature on automatic con- 
trol but has been mentioned by the writer.® 

Briefly, the factors to be considered are as follows: 


(a) Susceptibility to measurement. 

(b) Significance of measurement. 

(c) Susceptibility to automatic control. 
(d) Magnitude of process lags. 


(a) Many factors, such as chemical composition, which may be 
measured in the laboratory, are not susceptible to continuous 
measurement by an industrial instrument. 

(6) Many factors capable of being measured are not satisfac- 
tory criteria of changes in process conditions, e.g., the tempera- 


7 Application Engineer, Republic Flow Meters Company, Chicago, 
Mem. A.S.M.E. 

‘Mechanical Engineers’ Handbook,” by Lionel 8. Marks, fourth 
edition, McGraw-Hill Book Company, Inc., New York, N. Y., sec- 
tion on ‘Automatic Control,” by J. B. McMahon, pp. 2116-2123. 


ture of vapors, leaving a column fractionating a binary mixture, is 
not a satisfactory criterion for heat supply to the column. 

(c) The obvious way of satisfying (b) may be very uneconomic. 
The response to corrective action must be consistent. The sig- 
nificance of the measurement must be consistent, e.g., both above 
and below ebullition temperature is a significant measure of the 
heat content of water or steam, but not at the point of change of 
state. 

(d) The final result, such as vapor pressure of the end product 
of a fractionating column, may be capable of being measured so 
as to satisfy requirements (a), (b), and (c), but the process lags 
introduced by the method of measurement may be so great as to 
preclude all hope of compensating successfully for any variations 
in operating conditions. 

It may be thought that the foregoing considerations are only 
rarely of importance, and, considering the great bulk of all auto- 
matic-control application., that is true. However, this is be- 
cause most applications are repetitions of jobs which have already 
been handled successfully. However, when new processes are 
developed, or old ones are redesigned, such considerations be- 
come vital. Attempting to redesign a process so that it becomes 
more controllable may readily result in its becoming entirely un- 
manageable, due to neglect of these factors. 

Another factor which is important is that of the self-regulation 
of the process itself. All of the process examples cited in this 
paper show definite positive self-regulation. However, numerous 
applications exist in which there is no tendency for the process to 
balance out, after an upset, within reasonable limits; and in 
many cases, an upset tends to accentuate itself. Exothermic 
chemical reactions may be very violent in their unbalancing ten- 
dencies. 

The writer feels that the art of automatic control has not yet 
reached the point of progress where it is possible to lay down very 
definite rules with respect t- preadjustment of automatic con- 
trollers, or with respect to process design, except on the basis cf 
experience. Experience may lead to rearrangement of apparatus 
so that better control results are possible, but in practically all 
process designs, efficiencies, heat exchange, recoveries, etc. will 
continue to be the dominating factors. 

It may be thought that this is an argument for doing nothing 
with respect to process controllability. It is actually a plea to go 
slowly. Twenty years ago, before automatic controllers reached 
their present state of development, many elaborate automatic- 
control installations were made, which in a short time proved to 
be more decorative than useful, and many of them were far from 
beautiful. The results proved very harmful to the industry, and 
the effects have not yet died out in many places. If process de- 
signers become too sold on the possibility of design for control- 
lability, and the results are disappointing, the art can very readily 
receive another such setback. 


J.C. Perers.? From the standpoint of exact quantitative solu- 
tions, most practical process-control problems fall into one of two 
classes; one class in which the solution is fairly easy but scarcely 
worth while, and another in which the solution would be of con- 
siderable interest but which involves great practical difficulty. 

The authors have directed their attention to what might be 
considered as short-cut methods for practical use. The value of 
such methods is determined by the extent to which they fit actual 
cases. While the authors have presented but little evidence that 
their methods have wide application, they are probably awaiting 
the reports of others before making too definite statements on 
this point. The writer is glad to report that he has applied the 
equation relating “reset rate” and “‘lag’”’ with encouraging results. 


® Research Engineer, Leeds & Northrup Company, Philadelphia, 
Pa. Mem.A.S.M.E. 
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In the present paper, a rather unusual case of temperature con- 
trol is taken as the basis for calculating the area under the control 
curve. The authors indicate that they fully realize that the “load 
factor’? may be considerably different for different types of 
processes. The writer has determined this factor for a particular 
case of temperature control and obtained a value of 15, as com- 
pared with the value of 3.7 applying to the process of Fig. 2 of the 
paper. 

It is to be pointed out that, if a “measure of process difficulty” 
is to be considered as a measure of control difficulty, the equation 
for it should include a factor dependent upon the nature of the 
disturbances to which the process is subjected. When disturb- 
ances always take piace very slowly, excellent control may be ob- 
tainable, whereas the same process may be practically uncontrol- 
lable if subjected to sudden changes. 

Process designers may well pay particular attention to the em- 
phasis placed upon the importance of the elimination of what the 
authors refer to as “lag.” As is pointed out, lag may result from 
the fact that a material must be transported over a certain dis- 
tance before its effect is felt, or it may result from the combined 
effect of capacity and resistance to flow. In the case of a thermal 
system, this lag may be reduced to a minimum by seeing to it that 
the adjusted heat supply is given as favorable a thermal relation 
to the point of measurement as circumstances permit. 

While, in general, control terms are not sufficiently stand- 
ardized to justify quibbling about them, it seems proper to call 
the authors to task for the use of the term ‘‘impedence”’ while 
speaking of the time-constant of an RC circuit. If electrical 
analogies are to be used, certainly the well-established term, 
“time-constant” is a natural one to employ. As an electrica! en- 
gineer, the writer usually thinks of impedences measured in ohms, 
and to him, to express “impedance” in minutes, seems intolerable. 

In conclusion, the writer wishes to express his appreciation to 
the authors for the great amount of thought which they have put 
into this paper. Its fresh and practical approach may well lead 
the way to a more rational analysis of control-application prob- 

lems. 


Ed 8. Smiru.'® Instead of being the single entity urged by the 
authors, “controllability”? seems to this writer to consist of dif- 
ferent elements in different cases and not to be properly a blanket 
concept at all. 

A stable regulated system, comprising a plant and its regulator, 
may be aptly considered as forming a chain whose length in- 
creases with the number of lags (or “‘capacities’’) in series, the 
chain having to extend the whole distance between its two ends. 
As long as a regulator either supplies missing links or strengthens 
too-weak ones, it controls equally regardless of the location of the 
links. The shorter chain with a missing link is no more control- 
lable than a longer one also having a missing link. The correct 
link must be supplied in each individual case, and its location is 
lost by the use of RL or any other blanket controllability factor. 

The diagram, Fig. 16 of this discussion, shows the effect on 
stability of missing elements, or links, in a plant or process 
having inertia (mass) M, damping N, and/or self-regulation B, 
when controlled by a regulator having rate R (“pre-act’’ in the 
paper), proportional P, and/or floating F (“reset” in the paper) 
components, the rate component alone being incomplete as a 
regulator. 

From Fig. 16, it appears that there can be no correlation be- 
tween any controllability factor such as RL of the paper and the 
performance of regulated systems generally. In other words, 
there is a fatal lack of correspondence between the mathematics 
of the paper and the physical system, which keeps its method 
from being generally applicable. 


10 Eclipse Aviation, Bendix, N. J. Mem. A.S.M.E. 
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The authors’ method is not suitable, without extensive modi- 
fication, to floating regulators and plants. Its use in such fields 
is questioned as being outside of the field of proportional control 
in which its use has been tested. 

The authors should test the limits of usefulness of their method 
on plants, respectively having the following relations 


The first plant would not need any regulator at all, while the 
second would hunt steadily without one. 

A rational use of either reaction curves or known plant coeffi- 
cients with reasonably representative differential equations is be- 
lieved by the writer to furnish a sounder basis for control engi- 
neering than the rules proposed by the authors. The differential 
equations are handier than their solutions because of the fact 
they are ‘always true,”’ while the solutions of course depend upon 
initial conditions and take many forms. However, families of 
typical curves are available which enable the differential equa- 
tions to be evaluated and used conveniently for control purposes. 

Two incidental notes are as follows: 

1 The method of Fig. 9 of the paper appears to be limited 
to the case of real time constants and thus not to apply to the 
most interesting case of damp oscillations with their complex 
time constants. 

2 Offhand, there appears to be something wrong with Equa- 
tion [2] of the paper for Fig. 4, since areas below the set point 
should, as a matter of physical common sense, have equal weight 
with those above it, an improper use of signs possibly being in- 
volved. 

The authors are requested to include, preferably as an ap- 
pendix, a copy of their mathematical developments so that each 
reader will not have to supply them himself and to increase the 
use of the method suggested within its limits. 

This paper has performed a service in directing attention to- 
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ward the usefulness of reaction curves as diagnostic symptoms in 
prescribing the remedial regulator. 


CLOSURE 


As Mr. Hickes points out, an “on-off”? controller, one having 
very high proportional-response sensitivity, is theoretically and 
actually ideal for processes which are essentially single capacity. 
Since no thermal systems are infinitely fast in their response, and 
no relays have infinite capacity, some time lag will exist in all 
temperature-control circuits, nevertheless, they can approach the 
desirable characteristics of R,L = 0, when R, is very small. 
Even though a finite PR, intercept is present on a process, an 
“on-off” controller often gives stable control, simply because the 
controller sensitivity is not infinitely high as the name implies 
but lower than 1/(2?,L). 

The authors accept and appreciate Mr. Keppler’s discussion re- 
garding the use of pressure elements with small displacement. 
It is hoped that the paper will help point the way toward such 
useful improvements in instrument design. Servo-operation of 
measuring devices does not necessarily eliminate measurement 
lag inasmuch as some lags are always introduced in each stage of 
amplification of the servo-mechanism. 

Mr. Markson’s confusion over the ‘‘per minute’’ units of reset 
rate might be eliminated if he considered it as being something 
dimensionless per minute. Actually, it is the number of times per 
minute at which automatic reset response duplicates the propor- 
tional-response output change caused by the pen deviation. In- 
stead of expressing the magnitude of reset response by saying that 
it produces so many pounds per square inch per minute per inch 
deviation, it is given as pounds per square inch per minute per 
pounds per square inch change in proportional-response output. 
This leaves the unit as 1/min or “‘repeats per minute.’ All equa- 
tions are dimensionally consistent if F is expressed in pounds per 
square inch, 2 in inches per minute, and Lin minutes. Term R, 
is then inches per minute per pound per square inch. 

Terminology is troublesome. The authors feel that the magni- 
tude of proportional response is correctly expressed by ‘‘sensi- 
tivity; also, that the deflection of a galvanometer per micro- 
volt is correctly called its sensitivity. It is thought that the 
threshold of potential necessary to overcome friction in a gal- 
vanometer is something else which might be called “‘sensibility,”’ 
defined as “that quality of an instrument which makes it indicate 
very slight changes of condition.” “Gradient” is a word worthy 
of consideration as an alternate for sensitivity. 

In the application of automatic-control instruments to a proc- 
ess, consideration must certainly be given to the points brought 
out by Mr. McMahon. In this paper, the authors chose to by- 
pass the first two, which only involve measurement and not 
control. Generally, the object of automatic control is to hold a 
pen at one set point which represents an optimum condition in 
the process, whether it is indicated as temperature, pressure, or 
some other variable. Generally also, under point (c), response 
to output change is reasonably consistent, at least to the extent 
that a positive output-pressure change from equilibrium causes a 
pen to move in a direction opposite to that caused by a negative- 
output change. There'are cases, for example, in azeotropic dis- 
tillation, where increased reflux flew may cause a temperature 
deviation in either direction, depénding upon the equilibrium 
conditions in the column. If composition is the desired quantity 
in this case, temperature is really a nonsignificant measurement 
of composition. 

Mr. McMahon questions whether controllability is a matter of 
degree, and rightly, since it entails a definition of terms. The 
authors, in this paper, arbitrarily took the area under a recovery 
curve as one measure of controllability. This is only one of many 
possible bases for comparison of control results. For example, 


‘those in which L is less than Zp» (Fig. 2). 


the maximum amplitude of an oscillation resulting from a load 
change might be taken as the sole criterion. This is possibly the 
basis of Mr. McMahon’s contention that some processes are not 
controllable or synonymously “unmanageable.” Probably even 
the processes to which he refers are controllable but not within the 
required tolerance. 

It might be well to explain the reason for choosing this basis and 
the significance. On most control applications, the set point 
simply represents optimum conditions in a process. Deviations 
in either direction increase processing cost either by increasing 
steam cost or producing an inferior product, which must be reproc- 
essed or sold at a lower price. If process thru-put is uniform, 
a plot of processing cost per minute against deviation from the 
set point might be a probability curve for the average process. 
This curve of the form y = (1 — ae~”* + c) with minimum cost 
at the set point is shown in Fig. 17 of this closure. It can® be seen 
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that, around the set point, this curve is fairly well approximated 
by the two straight lines which represent the process evaluation 
used in this paper, i. e., that processing cost increases at a uni- 
form rate with deviation. 

Obviously, a probability curve does not represent all processes. 
Many would be discontinuous at some point. For example, an 
increase in temperature beyond a certain point might increase 
processing cost very suddenly, if at that point a reaction started 
which blew a wing off the plant. Again, considerable level varia- 
tions about a set point might cause no trouble at all until a tank 
overflowed or a pump lost suction. 

Self-regulation of a process appears to be one of the very minor 
considerations on processes, such as those discussed in the paper, 
If the 8.2-min “impe- 
dence” of Fig. 14 were made infinitely large, the process would 
not be self-controlling but the lag would only be increased from 
0.88 to the sum of the remaining impedences or 1.5 min. 

Mr. Peters brings out a very important point which cannot be 
overlooked in future work on the “load factor,” and that is the 
type of load change, or rather, the rate at which the load change 
occurs. The authors carefully side-stepped this in their analysis 
of the process shown in Fig. 2. In this process, the load change 
was located so that it affected the process in exactly the same 
manner as a change in controller output. It should be apparent 
that, under these conditions, the rate of load change makes 
absolutely no difference in the area under a recovery curve. The 
recovery curve for a gradual load change would deviate a small 
amount and remain away until the load ceased to change; the 
pen distance from the set point being just sufficient to make the 
rate of output change from automatic reset response correspond 
to the rate of load change. When the load change was complete, 
the pen would return exponentially to the set point. In this case 
as well as that of an equal sudden load change, the area under the 
recovery curve would be equal to AF/(S)(RR). 
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On the other hand, a sudden load change, such as a flow of 
water entering just upstream of the bulb, Fig. 2, would cause a 
very rapid initial deviation and give a recovery curve with a large 
negative area. The load factor would be in the neighborhood of 
65. But a gradual load change, even at this unfavorable loca- 
tion, would shrink the load factor back toward 3.7. Thus the 
load factor, as Mr, Peters indicates, depends upon both location 
and rate of load change. 

The authors do not choose to defend their use of the term 
“impedence” in place of the more bulky “time constant of a 
resistance capacity unit.”” The “ence” ending was used to dis- 
tinguish it from electrical “impedance.” It is felt that a happier 
word might be chosen to describe this concept which is so neces- 
sary in process evaluation. 

The exact mathematical solution of automatic-control prob- 
lems, as championed by Mr. Smith, is certainly a desirable goal. 
However, the first paragraph of Mr. Peters’ discussion expresses 
the authors’ opinion in the matter. 

Negative areas do have equal weight with positive areas so the 
signs of Equation [2] are correct. 

The authors are glad to append equations for Figs. 10 and 11 
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of the paper, even though it is thought that the approximation 
which they express can be determined graphically more easily 
and with sufficient accuracy. 

Equation for Fig. 10 
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Equation for Fig. 11: 
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An Analysis 


s of Gas-Pipe-Line Economics 


By H. C. LEHN,' BUFFALO, N. Y. 


In designing gas pipe lines the aim is to develop charac- 
teristics which will result in the lowest operating cost. 
The customary approach to this problem is to utilize 
formulas for line capacity and compressor horsepower as a 
basis for line design and from it the expected cost of opera- 
tion. By trial the effect of varying the line and com- 
pressor characteristics can be observed. This paper 
shows that sufficiently accurate equations, involving all 
essential factors, can be developed and that these equations 
can be readily solved to determine the specifications of a 
line of theoretical minimum cost. Adjustments to com- 
mercial requirements, principally the factors of pipe 
diameter and station spacing, are possible with only slight 
divergence from theoretical results. 


NOMENCLATURE 


7" following nomenclature is used in the paper: 


A; = coefficient-of-flow formula 

A = coefficient-of-flow formula, including line efficiency 
factor 

a = factor in initial-line-cost equation, dollars per mile 

B = cost of operating compressor stations, dollars per 
I.C.H.P. per year 


Operatin cost 
b= ratio I —of line only 
Initial cost 


C= coeflicient of line-annual-cost equation 
C,= coefficient of line-initial-cost equation 
Co= constant of line-initial-cost equation, dollars per mile, 
independent of other factors 
c= constant of equation for initial cost of pipe per ft 
D = inside diameter of pipe, in. 
E = efficiency factor in flow formula 
e= exponent in supercompressibility equation for gas 
flow 
f= exponent in supercompressibility equation for horse- 
power 
F = constant of final equation for diameter 
g= fuel consumption, cu ft per I.C.H.P. hr 
H= I.C.H.P. per M* cu ft per 24 hr 
H,= theoretical adiabatic horsepower per M? cu ft per 24 
hr 
1.C.H.P.= indicated compressor horsepower 
j= factor in initial-line-cost equatior., dollars per in. of 
pipe diam per mile 
Ke ratio (= required, nel 
jas delivered 
L= station spacing, miles 
L,= total length of line, miles 
M = number of compressor stations, fuel gas included 
M?= 1,000,000 


1 Consulting Engineer, Worthington Pump & Machinery Corpora- 
tion. Mem. A.S.M.B. 
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m= exponent of diameter in flow formula 
N= number of compressor stations, fuel gas not included 
n= exponent of pressure/length-factor in flow formula 
P= compressor discharge pressure, psia 
p= compressor suction pressure, psia 
po= base pressure in flow and horsepower formulas, psia 
Q= gas delivery M? cu ft per 24 hr 
2 
q= gas delivery = cu ft per 24 hr 
100 
r= compression ratio 
S= pipe stress, psi 
psi 
10,000 
T = cost of pipe per ton, dollars 
t= pipe thickness, in. 
z= exponent in diameter and station-spacing equations 
= m—n(2 + e) 
Y= total annual cost of line and stations, dollars per 
mile per year 
Y,= total annual cost of line only, dollars per mile per 
year 
Y:.= total operating cost of all stations, dollars per year 
Yu = initial cost of line only, dollars per mile 
Z = supercompressibility factor 


= pipe stress, 


INTRODUCTION 


The design of gas pipe lines assumes the determination of line 
and compressor characteristics which will result in the lowest 
possible annual cost for the stipulated conditions. Since the 
line diameter and the compressor horsepower vary inversely for a 
given delivery, there will be certain values of the line and station 
annual costs for which the total annual cost will be a mini- 
mum. The formulas for line capacity and compressor horse- 
power are sufficient as a basis for determining the line design and 
from it the expected operating cost, and by trial, the effect on the 
cost of varying the line and compressor characteristics can be 
observed. By this method, however, the effect of a change in any 
of the factors is not apparent, nor is the lowest cost necessarily 
obtained. 

It is the object of this paper to show that sufficiently accurate 
equations involving all of the essential factors can be developed, 
and that these equations can be readily solved for the minimum. 
In these equations the relative weight of the various factors is ob- 
servable. For those infrequent cases in which minimum initial 
investment instead of minimum annual cost is required as, for 
example, where the field is of short life, the solution can be ob- 
tained by a change of certain of the constants. It is to be under- 
stood, however, that unless otherwise stated, the analysis is 
directed to the solution for total yearly capital and operating 
costs. 

On a proposed new line, the following factors are stipulated: 


Q 
temperature 

L, = total length, miles 

The values of the following factors will be oduiel on the basis 

of engineering judgment: 

S = pipe stress, psi 

t = pipe thickness, in. (tentative, and subject to possible 
revision after other factors are determined) 


delivery, M? per 24 hr at a stipulated base pressure and 


ll 
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There is then required to be determined from the foregoing 
factors the following factors resulting in minimum cost: 

D = inside diameter of pipe 

N = number of compressor stations, from which 


= — = number of miles between stations is obtained 


& 
ll 


station discharge pressure, psia 

p = station suction pressure, psia 

Putting Y = total yearly operating cost per mile, the value of 
these factors is to be determined for which YZ, total yearly capi- 
tal and operating cost of the line isa minimum. This cost is ex- 
pressed in its simplest form by 


where ¥Y; = yearly capital and operating cost of line only per mile 
Y; = total yearly capital and operating cost of al] stations 


DERIVATION OF Yi, YEARLY OPERATING Cost OF LINE ONLY 


The total annual cost of the line consists of the fixed 
charges on the initial investment plus the direct operating ex- 
penses. The latter are comparatively small, and it is common 
practice to estimate them as a percentage of the initial cost. Ac- 
cordingly, the entire line operating cost can be calculated on the 
basis of a percentage of the initial line cost. The first step then 
is to derive a formula for that cost in a form suitable for the solu- 
tion for a minimum. 

Various formulas for the line cost have been devised, some 
segregating the pipe cost and the laying cost, others involving this 
segregation but expressing it in terms of the pipe diameter and of 
the unit pipe weight. Using the first method and considering 
first the cost of the pipe, an analysis of quotations on pipe from 8 
to 24 in. diam resulted in ct®-8D'-% as a formula for the cost of the 
pipe per foot, where c is a constant depending on the price 
level. For the period during which the quotations were ob- 
tained, the value of c was 0.275. The addition of a constant 
which would not enter into the calculations for a minimum, or a 
slight change in the exponents or coefficient, or both, would result 
in a formula of this type which would fit any schedule of pipe 
prices. The cost of laying the line is sometimes estimated as a 
percentage of the pipe cost, and when this method is used, the 
foregoing expression can be applied to the total line cost by proper 
adjustment of the coefficient. However, it is the more general 
practice to estimate the pipe cost on a straight per ton basis with 
possibly some implicit allowance for the slight variation in cost 
with variation in diameter. Accordingly the per ton basis will be 
used, and it will be assumed to include mill inspection and an 
allowance for freight. 

The various items included in the laying of the line, and which 
with the pipe cost make up the total cost of the line, may be 
separated into the following groups: 


(1) a = dollars per ton-mile of pipe for those items varying 
principally with the weight of the pipe such as un- 
loading, hauling, and stringing. 

dollars per inch diameter per mile for those items 
varying principally with the diameter such as ditch- 
ing, laying, backfilling, welding, painting, etc. 

(3) Co = dollars per mile for those items which are practically 
constant per mile and independent of the size of 
the line, comprising the right of way, surveying, 
telephone, etc. 


(2) j 


No rigorous segregation of the items between groups (1) and 
(2) is possible, as the assumption of proportionality to weight or 
to diameter is not exactly true and the absolute values will vary 
with terrain, labor, and other conditions. Group (3) is more 
definite but, while a factor in the total cost, it is not involved in 
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the calculation for the minimum as it does not vary with the line 
dimensions. 

The assignment of dollar values to a, j, and Cy thus involves 
engineering judgment for each particular case. However, 
an:lyses of actual estimates of line costs indicate a normal range 
of their values, and it will be seen later that precise actual values 
are not necessary for the purpose of the analysis. 

A normal range of the variables comprising the total line cost is 
as follows, where T is pipe cost per ton: 


T = $60 to $80 

a = $8 to $12 per ton-mile 

J = $200 to $275 per inch diameter per mile 
Co = $1500 to $2500 per mile 


It will now be found that the total initial cost per mile, esti- 
mated on the foregoing basis, is given very closely by the formula 


Yu = + Co........... 
where 
C, = 19.57 + 20.50 + 2.67.............. [8] 


The minimum value of C, for the minimum values of 7’, a, and j 
as listed is about 1800, and for the maximum about 2500. 
The total yearly capital and operating cost per mile is then 


Y, = 
where 
percentage plus operating-charge 
100 


or putting 
bC, = "ty 


In the past, a value of b of 0.14 was in common use, in which 
was included 0.015 to 0.02 for the direct line operating expenses. 
Considering the recent limitation by regulatory commissions of 
rate of return or interest, it might well be not over 0.10 or 0.11. 


DERIVATION OF Y2, STATION OPERATING Cost 


Both the initial and annual costs of the compressor station 
are generally considered as varying directly with the installed 
horsepower. It is necessary first then to develop an expression 
for the total horsepower required on the line. 

The compression of natural gas is adiabatic or nearly so, and 
the theoretical adiabatic horsepower is 


Hy = 14.2po(r-88 — [6] 


In Equation [6], H, is the theoretical compressor horsepower per 
million cubic feet of gas at the base pressure po, psia, and at the 
temperature of the suction gas, r is the compression ratio. The 
constant and exponent are for methane. Both of the latter will 
vary slightly with the gas analysis, but for the low compression 
ratios used on pipe lines, this variation is negligible. 

The horsepower required to overcome the valve and other 
losses determining the compressor efficiency is independent of the 
pressures or compression ratios as used on pipe lines and may be 
considered constant for a particular compressor. The complete 
equation is then 


H = — 1) + 
Equation [7] may be written 
H = — (81 


Term k will vary from about 0.98 for a highly efficient compressor 
to 0.96 for one of low efficiency. 
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The effect of supercompressibility is to reduce the horsepower 
in direct proportion to the supercompressibility factor, as deter- 
mined by the suction pressure. The exponent of compression is 
not appreciably affected as for natural gas, and for the range of 
compression ratios involved, the effect of the increasing pressure 
on the supercompressibility factor is counteracted by the effect 
of the increasing temperature. 

The supercompressibility factor for the horsepower equation is 
then 


1.455 
Z= = (see Appendix 1), or since p = — 
py r 
1.4551 
Z= [9] 


Introducing Equation [9] in [8], there is obtained for the horse- 
power with supercompressibility included 
rf (9-213 — k) 
H = (14.2 X 1.455)p0 —— a [10] 


Multiplying Equation [10] by Q for the horsepower per station 

L 

by B as will be defined and by 73 

equation for the total yearly operating cost of the stations is ob- 
tained, which is 


= N, the number of stations, an 


B f (70.213 __ 
= (14.2 x 1.455) 


[11] 


in which B = station capital and operating cost in dollars per in- 
dicated compressor horsepower per year. 

The value of B will vary approximately from $20 to $25, de- 
pending upon the initial station cost per horsepower, the magni- 
tude of the fixed charges, fuel, attendance, and maintenance items. 
Corresponding initial costs per horsepower are approximately 
from $90 to $125. There is no object in segregating these total 
costs for the present problem. In general, the lower costs will 
apply to the smaller stations with compressors of the angle type 
and the higher costs to larger stations with horizontal units, with 
some reduction in cost with increasing station size for each type. 
This variation could be approximated by writing an exponent of 
@ in Equation [11] of slightly less than 1. 

It is to be noted that, throughout, the term horsepower refers 
to indicated compressor horsepower. To convert to builders’ 
ratings in brake horsepower, the following can be used 


B ty it: = —-——--— 
hp angle-type units 
LC.EP. 
Bh izontal-type units = —--—— 
p horizontal-type units 008 


These adjustments should be borne in mind in estimating sta- 
tion costs. 


EqvuaTIon oF Cost 


Equation [i] total yearly capital and operating cost of the 
line can now be expressed in terms of Equations [5] and [11] or 


BQpor! — k) 


Y = C0"D + bCy + (14.2 X 1.455) | 2] 
Since L,, total length of the line, appears only as a fixed factor 
it is omitted in Equation [12], and the problem simplifies to one of 
determining a minimum unit cost per mile. 
The variables in Equation [12] are four in number, D, P, r, and 
L. It will be found possible to eliminate the first three by suc- 


cessive steps, leaving one variable L, in the final form which Equa- 
tion [12] will take, and in which form it will be differentiated to 
obtain the minimum value of Y. 

It will first be shown that there is a certain value of r, depend- 
ing upon the compressor efficiency and on the supercompressi- 
bility effect, but independent of all other factors, for which the 
total horsepower on a line of any arbitrary design is a minimum. 
Since there is no restriction in the diameter, discharge pressure, or 
delivery, this value of r must hold for the line designed for mini- 
mum cost. 

Assume a line Z; miles long of diameter D and operating at 
discharge pressure P, to determine the compression ratio r for 
which the total horsepower will be a minimum. Since the station 
annual cost is assumed to vary directly with the horsepower, 
the cost will also be a minimum. 

Referring to Equation [11], which is the equation for total sta- 
tion annual cost and which is equal to total horsepower on the 
line times B, two variables appear, L and r, but by means of the 
flow equation, L can be expressed in terms of the fixed factors of 
design and of the remaining variable r. 

Solving the general flow Equation [52] for Z and introducing 
the resulting expression in Equation [11] and dropping B for the 
moment 


n+1 
i 1] 


AnDnP?tets 


H, = (14.2 X 1.455 X 1.40) 


Since all of the factors except r are now constants for any giver 
line, Equation [13] may be written 


H, = 


.. [14] 


and it is required to find the value of r for which H, will be a 
minimum. 

Substituting the value of f = 0.074, differentiating, and equating 
to zero, there is obtained 


dH, — 2.287r9.213 — 0,287r2.213 
——k=0 


— 
dr 2.074 — 0.074r? 


Neglecting supercompressibility, f = 0, Equation [15] becomes 


dH, 
— = 1.1065r9-2!3 — k =0...... 
dr 

Application of the rule for discrimination between maximum 
and minimum shows Equation [15] and Equation [16] to be 
minimums. These equations determine the compression ratio 
for which the total cost isa minimum. Equations [15] and [16] 
are plotted in Fig. 1, showing the variation of r with compressor 
efficiency and the effect of supercompressibility. 

The variable r is now eliminated from Equation [12]. The 
symbol will be retained, however, and a numerical value selected 
after the final equation is obtained. To eliminate D, solve the 
general flow Equation [52] for D, obtaining 


_ 


The variable P is eliminated by use of the stress formula, S = 
PD 2tS 
= (see Appendix 2) from which P = - D’ then 


(in Equation [17]) = pera [18] 


Aa 
= 
$24 
ays 
A 
“ty 
| 
“ 
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Substituting Equation [18] in [17] and reducing, there is ob- 
tained 


| r 11. 
1.40 X * po* L* 
™ Q 
1 n(2+e) 
Az(2tS) 
where the exponent z = m— n(2 + e). 
Term D is now in terms of the stipulated factors and of r, the 
variable of which the value for minimum has been determined, 


and of the variable L; and P has been eliminated. In the same 
manner, P is eliminated from the third term of Equation [12] by 


2 
Pl = cad , obtaining the expression for D’ from Equation [19]. 
The complete annual-cost Equation [12] can now be written 
in terms of known factors and the remaining variable L, as follows 


1.40r?L poQ 
= 0.7 
(22); 
nf zt+f f(2n+2) 


1.455 X 1.407) r — k) 
f(z+n(2+e)) nf 
A® (2tS) (r?—1)* L # 


Putting J and K for the known factors in the first and third terms 
of Equation [20], respectively 


n 
Differentiating Equation [21] and equating to zero 
_ 
Changing signs and reducing 
2z—nf 
nJL * (sx—nf) 
si; * 
from which 
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Equation [24] is the value of L for the minimum cost. 
Raising Equation [24] to the = power and substituting in Equa- 


tion [19], restoring the values of J and K, and of the exponent z, 
there is obtained 


BY" | 
D=F| -- (25) 


where 


X 1.455 X 1.40)(m —n(2 +e +f)) 
“ 


Term D as given by Equation [25] is the diameter for minimum 
cost. 
A similar expression can be obtained for P, but more simply 


An equation for the station spacing can also be obtained in a 
similar manner from Equation [24], but again more simply by 
rearrangement of the flow equation, by which 


A D® (rt — 1) 


From these three Equations [25], [27], and [28], the specifica- 
tions of the line for minimum cost are obtained. 

In Equations [25] and [26], all of the literal factors in F and in 
the exponents are retained so that formulas can be set up, using 
any flow formula, with or without consideration of supercom- 
pressibility, and for any value of r as given in Fig. 1. As an ex- 
ample, assume the Miller flow formula,? in the form of Equation 
[52], which, while not given in that form, is closely approximated 
by it with m = 2.624 and n = 0.541, and a constant of 800, 
corresponding to a line efficiency of approximately 0.93 and a base 
pressure of 14.4 psia. Term A in Equations [25] and [26] then 
(800 X 14.4) 


1,000,000 


becomes 


Assume a compression ratio of 1.34, cor- 


2 “Determining Gas Line Capacity,” by B. Miller, Gas, vol. 13, 
Nov., 1937, pp. 22-26, 72-74. 
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TABLE 1 COMPARATIVE ANNUAL COSTS PER MILE¢4 


Compressor Outside Inside Discharge Suction Station 

Compression efficiency diam, diam, pressure, pressure, spacing, Annual costs per mile———~ 
ratio factor in. in. psia psia miles Line Stations Total 
1.34 0.97 22.33 21.70 719 536 82.7 $2547 $ 852 $3399 
1.34 0.97 4 23.38 669 498 99.7 2726 711 3437 
1.34 0.97 22 21.38 731 546 77.72 2513 908 3421 
1.25 0.97 23.38 669 535 81.1 2726 715 3441 
1.275 0.98 19.92 19.29 814 638 50.12 2281 1075 3356 
1.60 0.97 1.38 731 457 106.5 2513 960 3473 
1.60 0.97 24 23.38 669 418 137.3 2726 752 3478 

4 Conditions: Delivery = 200 M? cu ft per 24 hr C = 240 

Stress = 25,000 psi B = $20 

Pipe thickness = 5/y¢ in. Co = $2000 per mile 
b = 0.12 (see Equation [5]). 


responding to a compression efficiency factor k of 0.97 which is a 


fair average for commercial compressors. Also put g = a = 


i in hundreds of milli dg=-——., 
delivery in hundreds of millions and s 10,000 
Terms q and s can then be read in the more accurate range of a 
log-log slide rule. The equations then become 


0.768 0.370 
ja (2) [29] 


g°.577 40.765 


The equation for the station spacing obtained from Equation 


(24] is 
0,289 50.46 / 
{0.065 Cc 


Substituting in Equation [21], and restoring the constant 
(0.73 Bo.27 


cost per mile is 240 and for B, 20, then =" 12. The diameters 


and pressures for minimum operating cost are shown in Figs. 2, 3, 
and 4, for the foregoing values of C and B, for stress of 20,000, 
25,000, and 30,000 psi, respectively, and for pipe thicknesses of 
3/16, 5/16, and in. 

Fig. 5 shows the station spacing and total yearly cost per mile, 
including the constant Cy at $2000 per mile. Because of the small 
effect of the pipe thickness Fig. 5 is plotted only for 5/,.-in. pipe. 
The curves are extended slightly beyond the range of commercial 
pressures and pipe thicknesses. 

In Table 1, the operating cost per year for optimum design is 
compared with corresponding costs for larger and smaller diame- 
ters and compression ratios. The calculations are for a deliv- 
ery of 200,000,000, and other data as listed. The data for a line 
with the compressor efficiency factor increased from 0.97 to 0.98 
are also given. It will be seen that the increased efficiency de- 
creases the minimum total operating cost about 1.25 per cent. 


[31] Comparison oF INITIAL AND ANNUAL Costs 
. ; As stated, these equations can be used for either minimum 
If B = aC, then Equation [31] becomes initial investment or minimum annual cost. While it is 
g?-768 Ca?.27 seldom proposed or desirable to design a line for minimum 
Y = 23.85 39.877 (0.065 + BCy........... (32] initial investment instead of minimum annual cost, the relation 
between the two will be of interest. Using the previously 
or from Equations [29] and [32] established values for B and C, assuming that the initial cost 
of the station is five times the annual cost, which is in 

Y = 1.3520°-"CD + bCy.............. [33] 


Inspection of these equations shows that, of the factors, the 
values of which are optional, the stress predominates. The pipe 
thickness is a considerable factor in determining the diameter but 
is practically negligible in its effect on the cost as well as on the 


reasonable proportion, and that the line annual cost is 12 per 
cent of the initial cost; then as C and B will be the only factors 
that will change, for the purpose of comparison Equation [19] 
can be written 


B 0.27 
station spacing. While the exponent of ¢ is shown the same in the D=K, [34] 
station-spacing and cost equations, it will be slightly different if 
extended to greater accuracy. In the cost equation, it could be for minimum annual cost and 
made to vanish by changing the exponent in the initial-line-cost 0.12 X 5B\°.27 
equation, ¥; = Ct®-7D, to 0.8. Hence it may be considered that D, = RK; [35] 
the pipe thickness has a negligible effect on the cost. 
C 

The values of the ratio 2 for the range of the factors in the °F minimum first cost. Then 
D 
initial-line-cost Equation [3] and for a value of b, ratio of line to [36] 


annual cost to initial line cost of 0.12, are given in the following 
tabulation: 


Thus the line diameter for minimum first cost is 14 per cent 


2ts 
Laying cost of line ——High—~ ——Low— smaller than for minimum annual cost, and from P = D,’ the 
Station annual cost B ..... $25 $20 $25 $20 , . 
Co pressure is 16 per cent higher. 
‘B For pipe cost $60 perton....10.2 12.8 8.9 11.1 It is obvious that a line designed for minimum annual cost will 
For pipe cost 70perton..... 11.1 14.0 9.8 12.3 have a higher initial cost and conversely. The ratio of these 
For pipe cost 80 per ton... .. 12.0 15.2 10.8 13.5 costs also can be obtained. In obtaining the cost Equation [31] 


The high laying cost of line corresponds to the maximum values 
and the low laying cost to the minimum values of the factors a 
and j in Equation [3]. 

A fair average value of C constant in the formula for operating 


from Equation [20], the following intermediate form occurs 
Q°.76800.73 B0.27 


S0.57770.065 


Q°.788('0.73 B0.27 


S0.57740.065 


.... [37] 


Y = 0.73 X 23.85 + 0.27 X 23.85 


= 
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In Equation [37] the first term is the line cost and the second 
term, the station cost. It is interesting to observe that these costs 
are in the ratio of the exponents of C and B. Equation [37], in 
which the line and station cost for minimum total annual cost 
are separated, can be written 


0.73K2 + 0.27K2.......... .. [388] 


The corresponding initial cost is 


0.73 
027) Ky = (6.08 + 1.35)K2 = 7.43K>. . [39] 


If designed for minimum initial cost Y,, then 


50.27 §9.27 
Y, 073K: + 0.27K, 


= (5.30 + 1.96)K2 = 7.26K». . [40] 


Then 
- 7.26 


= = 0.975 .. [41] 
Y 7.43 


The line designed for minimum initial cost is only 2'/, per cent 
lower in first cost than the line designed for minimum annual 
cost. 

The annual cost of the line designed for minimum initial cost is 


1.96] 
| 0.12) + |x = 1.028K,. 


or about 3 per cent higher than that of the line designed for 
minimum annual cost. 

It is to be noted that the ratios of diameters and initial and 
annual costs are independent of the ratio B/C, varying only with 
the percentage of the line first cost assumed for the line annual 
cost, and with the ratio of station-annual to initial cost. These 
latter ratios are subject to slight variations only. It follows that 
considerable variation in line diameter is permissible without 
raising appreciably either initial or annual costs above the 
possible minimum. 

I.rreEcT OF CHANGE IN THE VARIABLES 

Figs. 2 to 5 show the diameters and pressures for minimum 
annual cost through a range of stress and pipe thickness and for 
an average ratio of station to line cost. The extremes of this 
latter ratio will affect the diameter as follows: The range of 
C for the range of the factors entering the pipe-line cost as previ- 
ously given is 1800 to 2500. Assuming a minimum of 10 per cent 
and a maximum of 12 per cent for the line annual cost, and a 
minimum and maximum station total annual cost per horse- 
power-year of $20 and $25, there is obtained 


2500 X 0.12 
= 16.7......... [43] 


maximum 
B 20 


1800 X 0.10 


25 


to 


minimum 


Then for the diameter range 


Maximum diam 16.7 \°-27 
Minimum diam 7.2 
and for the range of station spacing 
Maximum spacin 16.7 \°-75 
Minimum spacing 7.2 


The effect on the diameter and, from it, the effect on the station 
spacing and discharge pressure caused by changes in the other 
factors, can be calculated by changes in the corresponding con- 
stants in Equations [25] and [26]. For example, if consideration 
of supercompressibility is omitted, the numerical factors 1.455 and 
1.40 become 1 and the factors and exponents e and f vanish. 
A change in the compressor efficiency factor k will also 
change r in accordance with Fig. 1, but will affect only the 
constant F. 

None of these factors has a sufficiently large range to pro- 
duce any but a minor and practically negligible change in the 
diameter. 

Of more marked effect is the substitution of a flow formula 
with different values of the exponents m and n. In order to 
show the effect of a change in the flow formula, as well as of the 


B 
range of the station-line cost ratio C’ Figs. 6 and 7 have been pre- 


pared. In Fig. 6, the diameters and pressures, and in Fig. 7, the 
station spacing and total operating costs for the flow formula 
used in Figs. 2 to 5, are compared with those for the Weymouth 


B 
formula.? Both are through the range of the C ratio and for 


25,000-psi stress and °/j-in. pipe. Curves for the Weymouth 
formula omit supercompressibility, as it is not ordinarily con- 
sidered in using that formula. The Weymouth formula, as used 
in the charts is 


870 p?— p?\%5 
Q 1,000,000 D ( L ) {47 


The increase in total horsepower caused by deviation from the 
optimum compression ratio is shown in Fig. 8, which also repre- 
sents the percentage increase in initial or annual cost of the 
stations. Since the station cost on a line of optimum design is of 
the magnitude of 25 per cent of the total annual cost, the effect 
on the latter of a change in the compression ratio is approximately 
one fourth of the percentage shown on the curve. 


ADDITIONAL Factors OF AN AcTUAL LINE 


These formulas show diameter, pressure, and station spacing of 
a theoretical line for minimum operating costs. On an actual 
line the following additional factors occur, some of which modify 
the results given by the formulas: 


1 Available commercial-pipe diameters. 

2 Available sizes of compressor units. 

3 Ratio of the actual length of the line to the theoretical sta- 
tion spacing which, in general, will not be an integral number, and 
which also involves the increased spacing possible at the delivery 
end of the line. 

4 The field suction pressure which, if low, might require re- 
duction of the discharge pressure for minimum total horsepower. 

5 Fuel gas, which must be added to the net delivery capacity 
of the line (see Appendix 3). 

6 Load factor, herein assumed to be 100 per cent. 

7 Deliveries from the line between field and terminal. 


Of these, the effects of the station spacing, including that at 
the terminal, and field suction and fuel gas are dependent in 
varying degrees upon the length of the line, hence cannot be in- 
cluded in general expressions for costs per mile. Of the remaining 
items, the diameter may be changed to a commercial size without 
greatly affecting the costs, as was shown in the comparison of 
initial and annual costs. The question of compressor-unit size 
will in some cases result in increased horsepower installation, 


“3 “Problems in Natural Gas Engineering,” by T. R. Weymouth, 
Trans. A.S.M.E., vol. 34, 1912, pp. 185-234. 
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Fig. 8 IncrEASE In ToTAL HorsEPOWER WITH VARIATION IN COMPRESSION RATIO 


which may be considered as spare power. It is evidently equiva- 


lent to increasing the value of B. The fuel gas can be included in 
the manner shown in Appendix 3. The additional horsepower 
required at the field station to some extent offsets the increased 
terminal spacing, and both are of decreasing importance with 
increasing line length. 

The load factor in modern lines is generally at least 80 per cent 
and in many cases higher. 


With these values, its effect is small, 


as it reduces only the fuel-consumption item in the station oper- 
ating cost. 

Take-offs along the line of a considerable percentage of the final 
delivery can be arranged in groups, and the line considered as 4 
series of shorter lines. 

While all of these modifications can be made, it is questionable 
whether they are justified, as the nature of the problem hardly 
warrants the resulting implied degree of accuracy. 
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SUMMARY 


The equations derived in the foregoing determine the specifica- 
tions of a line of theoretical minimum cost. The method consists 
in the stipulation of unit line and station costs, of the pipe stress, 
and of a tentative pipe thickness. From these factors, annual- 
cost equations are developed, involving the variables of pipe 
diameter, compression ratio, compressor discharge pressure, and 
station spacing. It is then shown that the compression ratio for 
minimum cost is independent of all factors. By substitution in 
terms of known factors, the diameter and pressure are then 
eliminated leaving one variable, the station spacing in the final 
equation. 

Differentiating this final equation and equating to zero, the 
station spacing for minimum cost is obtained and from it the 
corresponding pipe diameter and discharge pressure. 

Since all of the stipulated factors appear in the final formulas, 
the effect of a change in any one of them can be at once deter- 
mined. Thus, if the selected pipe thickness is found to be un- 
suitable for the calculated diameter, the proper correction can be 
made by changing only the factor involving the pipe thickness in 
the final formula. 

In the equation for diameter, the stipulated unit costs appear as 
a ratio of line-to-station cost. The exponent of this ratio depends 
upon the flow formula used and will never exceed 0.3, so that its 
effect on the diameter is small. Further, it is possible to estimate 
an approximate value of this ratio without recourse to detail line 


C 
or station unit costs (see tabulation of B values). It is also to be 


noted that a proportional change in line and station unit costs, 
such as might be due to changing material and labor costs, will 
not change the ratio. 

There is also shown the effect of variation in the stipulated 
factors through their normal range, from which it is evident that 
the curve of costs is fairly flat, and considerable variation of all of 
the factors is possible without greatly increasing the cost above 
the calculated minimum. Accordingly, adjustments of the re- 
sults to commercial requirements, principally of pipe diameter, 
and to a station spacing for an integral number of stations are 
possible with only slight divergence of practical from theoretical 
results. 


Appendix 1 


Tue FLow Equation 


For a long period the Weymouth formula was used exclusively 
in pipe-line calculation and its results were accepted as the best 
approximation available. Recently other formulas have been 
developed, based, in general, on more complete consideration of 
all factors involved. These new formulas show higher capacities 
under normal conditions than the Weymouth formula, but they 
also differ among themselves. 

The result is that the increased knowledge of the laws of gas 
flow has produced a degree of uncertainty, cleared to some extent 
by various pipe-line companies modifying the new formulas to 
conform with their experience. In some cases, this has resulted 
in retaining the Weymouth formula. 

All of these formulas are of the general form 


m 2 
E 
Po L 


where E is a line efficiency factor. 


By writing p = —, Equation [48] becomes 
r 


AD™P™(r? — 1)" 
Po 


In Equation [49] A = AZ. 
The effect of supercompressibility can be included by multiply- 


1 
ing general Equation [48] by the factor z 


The data of Kvalnes and Gaddy‘ for the supercompressibility of 
methane at 60 F is very nearly equivalent to 


Equation [50] is used in the formula for total line horsepower. 
In the flow formula the average factor is required and the corre- 
sponding equation based on the optimum compression ratio of 
1.34 is 


These formulas are sufficiently accurate for pressures between 
250 and 1200 psi, the present range of pipe-line practice. Within 
this range, the maximum divergence from the Kvalnes and Gaddy 
data is 0.7 per cent. The formulas can be adjusted for less 
divergence for a shorter range or for a higher or lower range by a 
slight change in the constant and exponent. 

In the analysis, the exponents of P in Equations [50] and [51] 
are replaced by f and e, respectively. 

Introducing Equation [51] in [48], the general flow equation 
becomes 


AD™p" (2 + (72 — 1)" 
Po (1.40r2L)" 


[52] 
Equation [52] is used in this analysis. 


Appendix 2 
Stress FoRMULA 


The Barlow stress formula is based on the gage pressure and 
the outside pipe diameter. The inside diameter and the absolute 
pressure are used herein, thus eliminating plus and minus signs 
which would result in unsolvable equations. For the pressures 
used on pipe lines, the difference is negligible, particularly so, as 
the allowed stress is more or less an arbitrary figure. For large 
thin pipe the stress calculated by the foregoing method is slightly 
higher and for small thick pipe slightly lower than by the Barlow 
formula. For each pipe diameter, there is a thickness and pres- 
sure at which the calculated stresses are the same; in particular 
when 


For example, with 10°/,-in-OD pipe 0.25 in. thick, and p = 1000 
psi, the stresses are 20,500 and 21,000 psi, and for 20-in-OD pipe 
0.3 in. thick at 500 psi, they are equal. 


Appendix 3 


HorsSEPOWER REQUIRED FOR FUEL Gas 


With five or more stations, the amount of fuel gas is sufficient 
to require consideration in the calculation of the line. 
Having determined the number of stations of equal horse- 


4H. M. Kvalnesand V. L. Gaddy, Journal of the American Chemi- 
cal Society, 1931. 
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power, equally spaced, for the terminal delivery Q, provision for The horsepower at the field station assuming the suction to be 
the fuel gas may be made by decreasing the station spacing uni- the same as on the line station is 
formly toward the field without changing the discharge pressure 


or compression ratio. The calculations will be consistent then H,=Hk ee ee |) 
with those for a line of minimum cost. 

Consider now in a series of stations any two adjacent stations The total gas delivered into the line which is the terminal 


S; and 82, the direction of gas flow being from 


ft per 24 hr, with H horsepower. 
Let g = fuel consumption in cubic feet per a | | | | YY | | 
sumption for S; in M? per 24 hr is 0,000024gH. | 
K = 1+ 0,0000249 [63] | g 
| | © | 
Then K is the ratio of gas delivered by S: to 
that delivered by S,, and the gas delivered by 
S.is KQ — 4 
Since the pressures are constant, the flow 
equation may be written 
- Py 
A, | 
4 Eee 
T | t 
and for the length of line between and | | RATIOS. _F/AST Tari | 
L" T | WOM/NAL NO. OF STATIONS W/THOUT FUEL GAS i | 4 
from which Fic.9 HorspPOWER; AND STATION-SPACING Ratios 


and the ratio of station spacing is 1/(K)'/”. 


For a line of total length LZ, with N stations and uniform station From Equation [59] 
spacing, L, without fuel gas, L remains as the distance of the last L 1 
station S; to the terminus. ... [62] 
Let M be the number of stations with fuel gas, then a 
1 where L, is the distance between the field station and the first 
Kun 1 line station. 
L [55] Referring to Equation [53], a conservative value of g is 11 cu ft 
Ki/n 1 per hp-hr. Term 3 is the horsepower per million and is 19.3 for 
the compression ratio of 1.34 for minimum cost, from which A = 
1.0051. 
Ké/" a The ratio of the additional horsepower required for the fuel gas 
1 ot tu 1 ee [56] to the horsepower required for the terminal delivery as given by 
Kin 1 Equation [58] is shown in Fig. 9, and also the ratio of the first 
station spacing, given by Equation [62], and for the foregoing 
Solving Equation [56] for M there is obtained value of K. 
. sii For any other compression ratio than 1.34 the horsepower for 
nts lbog(N—-KUW—)) (57] fuel gas will be increased in the ratio shown in Fig. 8. 
log K1/" In practice, the station-spacing and the compression ratio 


would be modified slightly to provide or compensate for the 
additional horsepower, these modifications being involved in the 
adjustment to an integral number of stations. 


The horsepower at each station increases in proportion to the 
total gas compressed, including the fuel gas, so the total horse- 
power on the line is 


Appendix 4 


Minimum Cost or Loorep LINES 


The ratio of the additional horsepower to the horsepower with- 
out fuel gas is In adding a loop to an existing line, the same problem of divi- 
sion of total cost between line and compressing equipment occurs 

) (59) 8 in the calculation of a new line, but in a different form. The 
existing line may or may not be designed for or operating under 
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the minimum conditions, and this has an effect on the relative 
amount of line and horsepower for minimum additional cost. 
The same general method may be applied, with several modifica- 
tions. The discharge pressure and the station spacing are now 
fixed, and the variables to be determined are the length of the 
loop and the suction pressure, which will change from that with 
which the line is operating without a loop. 

The practical application of the solution is much more limited 
than in the case of a new line and is not given here. The de- 
velopment leads to an equation for p, the new suction pressure, 
from which the amount of loop can be calculated. An analysis of 
the results leads to the following conclusions. 

The range of increased capacity through which the conditions 
for minimum cost can be applied is limited. 

A loop of smaller diameter than the original is less expensive 
than one of larger diameter, provided both the loop and the 
original line costs are on an equal basis and are stressed equally. 

The additional horsepower decreases as the total capacity in- 
creases, and fairly rapidly. This makes it impossible to design 
for increased capacity at minimum cost in steps as then there 
would be excess horsepower on the line when looping for the 
ultimate capacity is done. The logical procedure would seem to 
be to install the additional horsepower required for the ultimate 
capacity as the first step, followed by looping as required. 

It is impossible to double the capacity of the line without de- 
parting from the requirements for minimum cost, and for this 
extreme condition a loop larger in diameter than the original line 
will probably tend toward lower costs. 

Increase in cost is less than in the case of the original line for 
corresponding variation from the requirements for minimum, so 
that there is considerable latitude in proportioning the increase 
between looping and horsepower. 


Discussion 


C. R. Heruertneton.’ The writer is in general agreement 
with the paper, but while certain aspects of the problem are 
treated in a helpful simplified manner, based on reasonable as- 
sumptions, other means to simplify the mathematical manipula- 
tions and expressions apparently complicate the use of the final 
equations. Assuming the operating charges to be a constant 
percentage of the initial cost is helpfully simplifying, but the ap- 
proach in which the pipe thickness t is chosen constant when it 
actually depends upon the pressure and diameter makes applica- 
tion more involved than using economic equations in which the 
thickness has been eliminated. 

The low optimum compression ratio independent of the line- 
design variables is in agreement with recent publications. 


BensamMin MILuer.* The author develops a method of de- 
signing a gas pipe line to give a minimum total cost of transporta- 
tion. The writer has been engaged for many years in gas-pipe- 
line design and is pleased to see a paper in which gas-transporta- 
tion costs are analyzed. However, the method of analysis used 
by the writer is fundamentally different from that developed in 
this paper. The basic assumptions used in the paper are so dif- 
ferent from those which the writer has found valid that it is not 
possible to compare the conclusions given in the paper with the 
conclusions which the writer has reached. 

Because a comprehensive discussion of this subject would run 
to considerable length, the writer’s comments will be confined to 
certain features of the paper having primarily to do with gas- 
compressing stations. The author’s association with one of the 


’ Department of Chemical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. 
‘Gas Advisers, Inc., New York, N. Y. 


great manufacturers of gas compressors makes what he says 
about them of interest to everyone working in the field of gas 
transportation. It is hoped that in his closure he will shed further 
light on some of the points treated only briefly in the paper. 

The paper correctly points out that, with compressors having 
losses which are independent of the compression ratio, there will 
be a certain value of the compression ratio for which the total 
horsepower of any gas line isa minimum. It does not follow from 
this, however, that the line designed for minimum cost (including 
in “line” the compressing stations) will necessarily employ this 
compression ratio. The reason for this is that the cost of operat- 
ing compressing stations decreases as their size increases, as the 
author points out. It is therefore quite possible that the total 
cost of operating a few stations, each of large size, will be less than 
the total cost of operating many stations, each of small size, even 
though the total horsepower in the many small stations is less than 
the total horsepower in the few large stations. The author shows 
that, even with the assumption of operating cost per horsepower 
independent of station size, the increased cost of station opera- 
tion, in going from the compression ratio for minimum power to a 
compression ratio 20 per cent larger, is only about 5 per cent. 
This increase could easily be overcome by the lower cost of 
station operation per horsepower which would be expected 
from the increased size which goes with a 20 per cent increase in 
compression ratio, if the delivery is relatively small. 

Consider the second and seventh lines of Table 1 of the paper. 
The second line has an annual station cost of $711 per mile. This 
means 35.55 indicated compressor horsepower per mile, because 
at the bottom of Table 1, B is stated to be $20, and B is defined 
as station capital and operating cost in dollars per indicated com- 
pressor horsepower per year. The definition follows Equation 
[11]. The station spacing on the second line is 99.7 miles, so that 
the total indicated compressor horsepower per station is the prod- 
uct of 35.55 and 99.7, which is 3545. Checking this product 
against Equations [8] and [10] shows that Equation [10] has 
been used, that is, this part of Table 1 was calculated with al- 
lowance for deviation from Boyle’s law. 

The seventh line of Table 1 has an annual station cost of 
$752 per mile. This means 37.60 indicated compressor horse- 
power per mile because B is $20. The station spacing on the 
seventh line is 137.3 miles, which makes the total indicated horse- 
power per station the product of 37.60 and 137.3, which is 5163. 
A check of this product against Equations [8] and [10] shows that 
Equation [10] was used here also. Therefore, allowance was 
made for deviation from Boyle’s law in this case also. 

If the station spacing were 139.6 miles, the compression ratio 
would be 1.623 and the suction pressure would be 412 psia. Ac- 
cording to Equation [10], the indicated compressor horsepower 
would be 26.43 per million, or the indicated compressor horse- 
power per station would be 5286 to handle 200,000,000 per day. 
If there were a stretch of line 698 miles long, five such stations 
would be required, for a total of 26,430 indicated compressor 
horsepower. 

The job could also be done with seven stations, each of 3545 in- 
dicated compressor horsepower, as just shown for a compression 
ratio of 1.34. The total indicated compressor horsepower would 
then be 24,815. 

According to the unnumbered equation following Equation 
{11], the indicated compressor horsepower for angle-type units 
is 90 per cent of the brake horsepower. Therefore, if the line had 
five stations, it would require six units per station, each of 1000 
bhp, while if the line had seven stations, it would require four 
units per station, each of 1000 bhp. 

Now considering the things which have to go into a station in 
addition to the units, such as buildings, water-supply system, 
station and yard piping, etc., and considering the operating ex- 
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penses which are not directly proportional to the number of units, 
such as supervision, it is obvious that a station with six units will 
cost less than 150 per cent of the cost of a station with four units, 
and that the total cost of owning and operating a station with six 
units will be less than 150 per cent of the total cost of owning and 
operating a station with four units. The author is aware of this, 
for, in the paragraph following Equation [11], there occurs this 
sentence: “In general, the lower costs will apply to the smaller 
stations with compressors of the angle type and the higher costs to 
larger stations with horizontal units, with some reduction in cost 
with increasing station size for each type.” (Emphasis supplied 
by the writer.) But the author does not seem to appreciate that 
this reduction in cost per horsepower-year with increasing station 
size vitiates his primary assumption. It is true that there is a 
* certain compression ratio which requires the minimum total line 
horsepower. But it does not follow that the choice of this com- 
pression ratio will give the minimum cost. The reduction in cost 
per horsepower-year with increase in station size may overcome 
the effect of increasing total horsepower, so that the total cost 
may be greater with the minimum total horsepower than it would 
be with somewhat greater total horsepower, but concentrated in 
fewer stations. 

Reverting to the example: If B is $20, the total cost per brake 
horsepower year is $18. Suppose this applies to the station with 
four units. Then the total cost per station is $72,000 per year and 
the total cost for the seven stations is $504,000 per year. Suppose 
further that the reduction in cost per horsepower-year for a 50 
per cent increase in station size is 7 per cent, then the total cost 
per brake-horsepower-year for the six-unit station would be only 
$16.74. Hence, the total cost per station would be $100,440 per 
year, and the total cost for the five stations would be $502,200 
per year. 

Since we are concerned with minimum cost, and not minimum 
power per se, the author’s method would fail. The author sug- 
gests that the variation in cost per indicated-compressor-horse- 
power-year with increase of station size could be approximated 
by applying to Q in Equation [11] an exponent slightly less than 
1. But this would not take care of the situation, because Q is 
fixed, and only the number of stations is to be chosen. Nor 
would it be proper to make an allowance by applying an expo- 
nent tor, as the unit cost for stations of the same size but different 
compression ratios should not be changed. The only solution is 
to make B a function of station size. This would complicate the 
analysis, but simplicity without accuracy is not desirable. 

The writer does not suggest that the decrease in cost per horse- 
power-year, due to a 50 per cent increase in station size, would be 
7 per cent, but does suggest that, in order to make the proper 
choice, it is necessary to consider the several factors which make 
up station initial cost and station annual cost. Therefore, the 
writer cannot agree that the problem studied by the author can 
be solved without considering the individual items of cost. 

In the example, no consideration was given to spare units. 
The writer doubts that many would be willing to build a long 
line intended for 100 per cent load-factor operation at 200,000,- 
000 cu ft per day and equip that line with angle units without 
having at least one spare unit per station. And with one spare unit 
per station, the total installed brake horsepower would be 35,000 
in either case; five stations with seven units per station or seven 
stations with five units per station. Thus the five-station plan 
would certainly deserve consideration, even though it did require 
greater operating horsepower and greater fuel consumption. 

A particularly interesting part of the paper is the section on 
cost of compressing stations, both initial cost and total operating 
cost. The total station cost is said to range from $90 to $125 per 
indicated horsepower. The lower cost is said to apply to smaller 
stations using angle units, and the higher cost is said to apply to 


the larger stations using horizontal units. Just why the less 
costly angle units are not used in the larger stations is not ex- 
plained. To the station costing $90 per indicated horsepower, an 
operating cost of $20 per horsepower-year is assigned. This 
figure is used in the example of Table 1 and suggests that the 
author is recommending the use of the lower-cost stations of the 
angle type. The $20 per horsepower-year includes fixed charges, 
fuel, attendance, and maintenance. Since the indicated horse- 
power of the angle units is said to be 90 per cent of the brake 
horsepower, this is $18 per brake-horsepower-year without al- 
lowance for spare capacity. It is customary to have at least one 
spare unit in each station for a line which is intended to operate 
at high load factor. 

If the figure of $20 per indicated-horsepower-year is intended 
to be applied to the installed indicated horsepower, the station 
costs, shown in Table 1, are too low, as these station costs, as 
already indicated, are calculated on the required indicated horse- 
power. 

Also, as shown previously, the four-unit stations, applying to 
the second line of Table 1, would have annual costs of $72,000 
per year. Taking 8760 hr per year, the total brake-horsepower- 
hours would be 35,040,000. This makes the total cost a little 
over 2 mills per bhp-hr (2.055 mills is the calculated figure). 
Stations whose records are available to the writer show operating 
costs, exclusive of fuel and fixed charges, ranging upward from 1 
mill per bhp-hr. The writer is of the opinion that 1 mill per bhp-hr 
is a low figure for operating costs, exclusive of fuel and fixed 
charges, for angle-type units. 

The author uses 11 cu ft per ihp-hr as the fuel consumption. 
This is a little over 12 cu ft per bhp-hr, which is, as the author in- 
dicates, on the high side of reasonable. At the very low figure of 
7 cents per M cu ft, a fuel cost of 0.8 mill per bhp-hr for angle- 
type units is minimum. Adding this to the 1 mill gives a total of 
1.8 mills, exclusive of fixed charges. This leaves 0.255 mill per 
hp-hr for fixed charges, or $2.23 per hp-yr for fixed charges 
At $81 per insta]led bhp, as given by the author, the fixed charges 
are only 2.76 ser cent of the initial cost, which seems very low; 
so low that the writer hopes the aythor will reconsider and detail 
the costs of station owning and operating. 

The author points out that load factor lowering affects only 
station fuel and this in general is true, although it is sometimes 
possible to shut down every other station for operation at 70 per 
cent load factor. However, if the purpose is to design for mini- 
mum total cost of operation, it may be better to design for opera- 
tion at the load factor which seems most likely. This may result 
in a higher total cost of operation when operating at 100 per cent 
load factor. In other words, design for minimum cost of opera- 
tion at 100 per cent load factor may not give minimum actual cost 
of operation over the life of the enterprise. 

The foregoing comments have been based, as the paper has, on 
the implicit assumption that gas-engine-driven reciprocating 
compressors are employed. This is almost universally true, but 
the analysis shows that it may not continue to be true. In the 
early days, it was common to use a compression ratio in the 
neighborhood of 3 for the reason that there is a compression rati0 
at which a compressor requires maximum power, and this maxi- 
mum-power compression ratio is approximately 3. The point was 
to guard against stalling the engine by changing suction or dis- 
charge pressures. Analysis such as that given in the paper indi- 
cates that lower compression ratios could be used with resulting 
lower total horsepower requirements. That there is a compres 
sion ratio which requires minimum total horsepower is due to the 
characteristic of the reciprocating compressor of having losses 
which are independent of compression ratio. 

If it were possible to make a compressor the efficiency of which 
did not decrease rapidly as the compression ratio decreased, 
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there would be no compression ratio for minimum total power. 
This can easily be seen by reference to Fig. 1 of the paper. But 
even if there were no compression ratio for minimum total horse- 
power, there would still be a compression ratio for minimum total 
cost. 

The author has developed the compression ratio for minimum 
total horsepower by differentiation. A numerical example may 
show more clearly that it is the inherent feature of the recipro- 
cating compressor which leads to this result and not anything 
in the theory of gas transportation. 

Neglecting in the following any deviation from Boyle’s law, 
consider the effect of changing the compression ratio from 1.3 to 
1.1. The figure 1.3 is the compression ratio for minimum total 
horsepower, according to the equations given in the paper, if the 
compression efficiency factor k has its maximum value of 0.98. 
In other words, if the objective is to keep the total horsepower 
to a minimum, the compression ratio must be at least as 
high as 1.3, and higher if the compressor is not of maximum 
efficiency, > 

From Equation [6] of the paper, it can be shown that, with the 
compressor of maximum efficiency, the adiabatic efficiency at a 
compression ratio of 1.3 is 70.5 per cent. This may not appear to 
be a high efficiency to those who are using piston compressors at 
high compression ratios, but the writer has compared this figure 
with estimates of other manufacturers and has found that it is on 
the high side, as the author says. 

It may be shown that, if the adiabatic efficiency remained con- 
stant as the compression ratio decreased, a line having stations 
operating with a compression ratio of 1.1 would require 17 per 
cent less total horsepower than a line with stations operating at 
a compression ratio of 1.3, but the adiabatic efficiency of a piston 
compressor at a compression ratio of 1.1 will not exceed 48.1 per 
cent according to the equations given in the paper. It follows 
that the compression ratio of 1.1 would make it necessary to use 
25 per cent more total power than a compression ratio of 1.3 would 
require, even though theoretically 17 per cent less power would be 
sufficient. 

It is hoped that the author will include in his closure some con- 
sideration of the possibility of improving the efficiency of the 
piston compressor at low compression ratios, or consider the 
possibility of using some other type of compressor which has 
higher efficiency at low compression ratios than the piston com- 
pressor has. Perhaps the centrifugal compressor will be more 
suitable. According to Avery:’ “For estimating purposes, a 
round figure of 70 per cent may be taken as the adiabatic ef- 
ficiency of good uncooled centrifugal compressors at designed 
load conditions.” 

While the principal applications of centrifugal compressors 
have been to compression of atmospheric air, Avery® further says: 
“In some cases, the compressors are required to boost gas from a 
high pressure to a still higher pressure. Typical conditions which 
have been met include pressure rises of 120 to 180 (1422 to 1458) 
[3300 to 3650] Ibs per sq in. abs for inlet volumes of 2500 (360) 
[435] cfm.” 

The writer appreciates that the adiabatic efficiency is only one 
factor and that many others must be considered in evaluating the 
possibilities for improving gas-pipe-line economy by substituting 
for the piston compressor some other type of compressor perhaps 
better adapted for operation at low compression ratio. Certain 
it is that any such change would require a complete re-examina- 
tion of the relationship for minimum transportation cost de- 
veloped in the paper. 


“Centrifugal Compressors,”” by John Avery, a section of ‘Me- 
chanical Engineers’ Handbook,” edited by L. S. Marks, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1941, p. 1936. 

* Ibid., p. 1944, 
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G.I. Ruopes.* During the past 10 or 12 years the author has 
more than once explained to the writer his mathematical studies 
into the economics of natural-gas pipe lines. His interest was to 
compare his results with our own practice in pipe-line design. 
There are so many variables that the task must have seemed all 
but hopeless. Yet he persisted in the face of criticisms, not 
always constructive, and has now developed some formulas and 
convenient charts which have fair mathematical support, and 
which constitute a useful guide in the economic design of natural- 
gas pipe lines. 

These charts should not be used to find the cost of transporting 
gas. The author would be the last to use them for such a purpose. 

The charts should be used merely as a guide in the preliminary 
choice of pipe dimensions and of number and power of compressor 
stations. The cost would then be determined to fit the conditions 
of the particular project in hand. Doubtless, variations in design 
would be indicated with redeterminations of cost until the best 
design had been found. Resort to the author’s charts thus saves 
the voluminous preliminary work required in the iayout of any 
natural-gas project. 

The mathematical analysis which led to these formulas and 
charts was based on the premises (a) that the size and spacing be- 
tween like compressor stations on a gas pipe line are the primary 
or independent variables, (6) that the pipe diameter and line pres- 
sure are secondary or dependent variables, and (c) that the thick- 
ness of and permissible stress in the pipe wall and the resultant 
line pressure are dependent only upon considerations such as 
physical properties of the steel pipe, desired factors of safety, and 
resistance to corrosion. The relative importance of the several 
factors within the choice of the designer is well shown by the 
formulas. 

The mathematics are not rigorous. For instance, an empirical 
equation is used to represent the cost per mile of a pipe line asa 
convenient function of diameter and wall thickness, with ap- 
propriate constants to reflect the cost of steel and construction 
conditions. A different form of equation may well be needed to 
reflect varying conditions in the pipe market or the construction 
conditions affecting any given project. Also a uniform cost per 
horsepower is assumed independent of station size. Yet for any 
given type and size of compressor unit, the small station usually 
costs more per horsepower than the large station. 

In spite of these convenient simplifications and others of less 
importance, it seems to be a fact that the most economical com- 
pression ratio is wholly independent of the size or the cost of the 
pipe line itself. All compressor stations on the line are assumed to 
be alike; they all operate on the same discharge and suction pres- 
sures, with the same pressure loss in the sections of line between 
stations. When the cost per ton of steel in the form of a pipe line 
is high, as compared with the cost per station horsepower, then 
the stations are relatively close together, and with cheap steel and 
expensive stations they are further apart. But the best compres- 
sion ratio is fixed solely by factors relating to the stations them- 
selves. 

It is shown in Fig. 1 of the paper that the best compression ratio 
is fixed by a so-called compression-efficiency factor. This is not 
the true compressor efficiency ratio; it is merely a correction in 
the formula to reflect the effect of valve losses, etc., which are 
fixed irrespective of the compression ratio. When this factor k 
is 0.97 representing average practice, then these losses amount to 
about 6 hp per million cu ft of gas pumped per day, expressed in 
volume occupied at atmospheric pressure. The total power re- 
quired for a compression ratio of 1.34 is about 19 hp per million 
cu ft per day. 

Fig. 1 of the paper shows that, by increasing the valve and 


* Vice-President, Ford, Bacon & Davis, Incorporated, New York, 
N.Y. Mem. A.S.M.E. 
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other losses from those corresponding to an efficiency factor of 
0.97 to those corresponding to a factor of 0.94, the best compres- 
sion ratio is increased from 1.34 to about 1.5. In other words, the 
cost of an additional fixed valve loss of 6 hp per station per mil- 
lion cu ft of gas per day makes it most economical to operate at a 
pressure ratio of 1.5, which results from fewer stations on the line 
spaced at greater distances. 

The fixed cost of station-site development has a similar effect 
on the best compression ratio. This fixed cost may well exceed 
that of 6 hp per station per million cu ft per day, with the result- 
ing increase in best compression ratio to 1.5. This well accords 
with established practice on pipe lines of high load factor. During 
occasional extreme peaks, the necessary spare equipment. is 
operated, and the ratio sometimes exceeds 1.8. It would not be 
economical to install compressor power solely to develop such a 
compression ratio but it certainly is economical to use otherwise 
necessary spare equipment for the purpose. Here we have an ex- 
planation of the reason why modern pipe lines during extreme 
loads are designed to operate at compression ratios considerably 
higher than the seemingly best ratio of 1.34. 

Equation [32 Jof the paper is of particular interest. It gives 
the minimum cost per mile for transporting a given quantity of 
gas qg, when pipe-wall thickness ¢ and the stress in the steel s are 
fixed. Thickness appears to the inverse 0.065 power. This 
means that increasing the pipe wall from !/, in. to '/2 in., for in- 
stance, reduces the cost of transporting the gas, but only to the 
negligible extent of about 4 per cent. On the other hand, stress 
in the steel appears to the inverse 0.577 power. This means that 
increasing the steel stress from 12,500 to 25,000 psi decreases the 
cost of transporting gas about 33 per cent. 

Here is the explanation of the most important advance in 
natural-gas pipe-line design that has taken place in the past 20 
years. With former lap-weld pipe 12,500 psi was the maximum 
safe stress due to the low yield point of 25,000 to 30,000 psi, and 
to the inherent weakness of the weld. Now with seamless or 
electric-weld pipe, yield points of 45,000 to 50,000 psi can easily 
be obtained. Due to the absence of the weak lap weld, it is quite 
as safe to design for a stress of 25,000 to 28,000 psi as for the 12,- 
500 psi of 20 years ago. 

The present method of pipe-line design may be briefly sum- 
marized into four steps: 


1 Choose pipe-wall thickness to meet the requirements of cor- 
rosion resistance or other physical requirements. 

2 Choose a pipe with the highest feasible yield point consis- 
tent with good welding qualities since most lines now built are 
with welded joints. 

3 By repeat computations find the size of pipe, the pressure, 
the size, and the spacing of compressor stations required to trans- 
port the total market requirements of gas in the most economical 
manner. 

4 Provide for the installation of that part of the total compres- 
sor power required to serve the immediate market needs. 

Resort to the author’s formulas and charts reduces the work re- 
quired in making step 3. They indicate a fair approximation 
to the correct answers, and comparatively little added computa- 
tion should be required to secure any desired degree of refinement. 


L. F. Terry.’ I have long been a follower of the theory and 
practice of gas-pipe-line design and construction, and in years 
past have presented papers on the subject.! 


10 Second Vice-President, Chase National Bank, New York, N. Y. 
11 (a) ‘Design of High-Pressure Gas Pipe Line,’”’ by R. E. Davis 
and L. F. Terry, Trans. American Institute of Mining & Metallurgical 
Engineers, vol. 82, 1928-1929, pp. 598-613. 
(b) *‘Economics of Pipe-Lines for Natural Gas,”’ by L. F. Terry, 
Proceedings, Engineers’ Society of Western Pennsylvania, 1933, p. 1. 
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For the last 5 or 6 years, I have been interested in the natural- 
gas industry in my present connection with the Chase National 
Bank. With this background, I would like to call attention to the 
value and interest which may attach to this paper. I believe it is 
the first attempt publicly to present to the industry under the 
auspices of any national engineering body a process for the de- 
sign of gas pipe lines in one operation, i.e., other than by trial and 
error. 


AvuTuHor’s CLOSURE 


Replying to Mr. Hetherington; the thickness factor ¢ is re- 
tained in the formulas principally for the reason that the selection 
of the pipe thickness is a matter of engineering judgment, based 
on the factors mentioned by Mr. Rhodes in his discussion follow- 
ing. The selection of a tentative pipe thickness and an approxi- 
mate stress in advance of the calculations is the normal procedure 
in pipe-line design and, in the subject analysis results, in directly 
solvable equations, not possible when additional variables are re- 
tained. As shown by Equation [31] and pointed out in the para- 
graph following Equation [33] of the paper, the pipe thickness has 
no appreciable effect on the cost, and hence adjustment to com- 
mercial practice can be made with negligible change in the re- 
sults. 

Mr. Miller has contributed a constructive and most interesting 
discussion. The writer agrees with his remarks regarding the 
decrease in cost with increase in size of compressor stations and 
already had investigated to some extent the possibility and de- 
sirability of including factors representing this variation. In 
particular, and as referred to by the discusser, a reduction of the 
exponent of Q in the horsepower equation to some value less than 
1 is suggested; not to provide for the increase in horsepower due 
to increased compression ratio, but for the variation in horse- 
power with variation in quantity delivered. 

Decrease in the cost due to increased compression ratio can be 
included by substituting B,/r* for B in the station-cost equations, 
and this will lead to a new value for the optimum compression 
ratio. Since the formulas hold only for this optimum ratio, the 
objection that unit station costs of the same size but different 
compression ratios would show different costs will not be valid. 
An objection is that the value of the exponent will depend upon 
the rate at which the station cost decreases, and this rate will 
vary considerably, requiring a different exponent for each case. 
An average value for the exponent perhaps could be used. The 
suggested value of 7 per cent decrease in annual costs for 50 per 
cent increase in size should apply for some particular condition. 
If this be taken, the value of the exponent z is approximately 0.3, 
leading to an optimum compression ratio of approximately 1.45 
for k = 0.97. However, in the example given in the discussion, 
the reduction in cost by using the higher compression ratio is 
only 0.36 per cent. This implies a degree of accuracy hardly to 
be expected in an analysis of this type where base costs are subject 
to variation in absolute and relative values and, of necessity, 
enter in the form of empirical equations. 

Further, and affecting actual station costs, is the fact that 
commercial total station horsepower is not a continuous function 
but varies in steps of the unit horsepower of the particular com- 
pressors selected. Thus, in a station with a small number of 
units, conditions can be such that the lowest cost would be 
shown with a lower compression ratio. Another item which 
should be considered in increasing the total horsepower over the 
minimum, particularly on a long line, is the increased fue! gas 
required, 

It is agreed that a higher degree of theoretical accuracy would 
be obtained by including a factor for decreasing station cost with 
increasing size. This factor, however, must be of a form which 
does not increase the complexity of the equations to a degree 
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where they would be no longer directly solvable. Recourse to 
cut-and-try methods would then become necessary, which to the 
author’s mind would defeat the purpose of the analysis. 

With or without a factor for relation of station cost to size, it is 
the intention that the value of B be selected largely on the basis 
of engineering judgment, giving due consideration to the size of 
the station, the type of compressors, and the number of spare 
units. That variation in the value of B is of slight effect is ob- 
servable from Equation [31]. 

The values of B of $20 and $25 used in Table 1 of the paper 
and in the table of C/B ratios following Equation [33] may be 
segregated as follows: 


Fixed charges, 10 per cent $10.00 $12.00 

Fuel, 10 cu ft per hp-hr, 

80 per cent yearly load factor, @ 6¢/M 4.1 @ 9c/M 6.2 

Attendance 5.2 6.0 

Lubricating oil, ete 7 0.8 
20.0 25.0 


In the foregoing tabulation, the fuel consumption is taken at 10 
eu ft, which should be attained in a well-operated station. In 
the analysis of the fuel-gas effect (Appendix 3), a unit of 11 cu ft 
is taken in order to insure conservative results. 

The figures, in Table 1 of the paper, are submitted as examples 
only. As stated, there is no attempt to recommend or suggest 
either a particular flow formula or particular basis of costs, the 
final formulas being developed in such form that any flow formula 
or any basis of cost may be used. On the other hand, the horse- 
power formula is the result of field tests conducted under the 
author’s direction over a considerable period of time and is based 
upon the measurement of nearly 2000 indicator cards. The ac- 
tual horsepower, which will be required on a particular proposed 
line, is subject to less accurate predetermination than in the case 
of other commercial-compressor installations and will frequently 
vary between different stations on the same line. This is due to 
the surge generally encountered in varying degree in both suction 
and discharge lines adjacent to the compressor. The effect of the 
surge was segregated in the analysis of the indicator cards, and 
an average value included in the empirical constant k. 

The reason for considering the higher costs of stations as apply- 
ing to the horizontal units, with the inference that the angle units 
are not used in the large stations, is that so far, in the author’s 
experience, the preponderance of sentiment is for the horizontal 
units in main-line stations. This situation may or may not 
change with future developments. 

While not particularly pertinent to the subject, an error in the 
discussion regarding the compression ratio for maximum horse- 
power should be corrected. This is not approximately 3, as stated, 
but may be anywhere between 2.3 and 1.6, depending upon the 
clearance volume and to a less degree upon the compressor 
efficiency. The theoretical ratio for zero clearance and 100 per 

n 
cent efficiency is n"~! where n is the exponent of the gas. 
For methane, with n = 1.27, the theoretical compression ratio is 
3.07. On one of the principal pipe lines, the compressors have a 
total clearance volume including unloaders of 50 per cent, and the 
maximum horsepower occurs at a compression ratio of about 1.85. 

The author concurs with the discusser in his statement of the 
importance of high efficiency for compressors operating on the 
low compression ratios required on pipe lines, and much has been 
done toward this end. The principal and practically the only 
method, but a very effective one, is to decrease the velocity 
through the valves and this is not difficult. However, its im- 
portance has not been fully appreciated until recently. 

The value of k is based largely upon the valve velocity, and k 

= 0.97, used in the analysis, is a fair average for compressors built 
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in the past and now in service. In more modern compressors, the 
k value is approximately 0.975, and 0.98 or higher can be attained. 
Space limitations prevent a detailed analysis showing the actual 
economic gain, but it is appreciable. The discusser calls atten- 
tion to the fact that if it were not for this constant loss causing 
the actual efficiency to vary with the compression ratio, there 
would be no optimum ratio. With the constant loss, increased 
efficiency lowers the optimum compressor ratio. Analytically, 
by [equations [15] and [16], as k approaches the limit 1, or 100 
per cent efficiency, the compression ratio approaches its limit of 1, 
or suction and discharge pressure equal, station spacing zero, and 
number of stations infinite. Obviously, the same result will be 
obtained with a type of compressor having a constant efficiency 
instead of a constant loss. Such a type is approached very 
closely by the centrifugal compressor, as stated in the discussion. 

Centrifugal compressors have been given consideration for 
pipe-line service from time to time, and one motor-driven unit 
was installed on a major pipe line. Aside from a lack of flexi- 
bility, as compared with reciprocating compressors, probably not 
a serious disadvantage considering the manner in which pipe lines 
are now operated, there does not seem to be any reason why the 
centrifugal compressor in itself would not meet the requirements 
of pipe-line service. The difficulty seems to be the lack of a suita- 
ble driver. Electric power is not looked upon with favor, as- 
suming that it could be obtained at comparable cost. A steam- 
turbine plant of comparable efficiency shows no economic advan- 
tage in first cost, nor in annual cost, except possibly in localities 
where cheap coal is available; and such localities are not very 
frequently those where stations are required. Diesel engines 
driving centrifugal compressors through step-up gears would 
attain a high fuel economy, offset by higher initial cost. The 
gas turbine would be an ideal driver from the mechanical stand- 
point, but until more experience has accumulated and much 
lower fuel consumption has been obtained than at present, this 
type of prime mover cannot be considered for pipe-line service. 

The possibility of the centrifugal compressor showing to eco- 
nomic advantage thus depends to a considerable extent upon the 
availability and relative cost of some other fuel than the line gas. 
An extension, in a very generalized form, of the analysis of horse- 
power required for fuel gas (Appendix 3) shows that on a long line 
the maximum economy would be obtained by abandoning the use 
of the line gas for fuel somewhere along the line. In particular, 
with the total annual cost of the alternate type of station not using 
line gas equal to that of the gas-engine station, the use of the latter 
should be discontinued at the tenth station. Such a situation 
would be to the advantage of the centrifugal compressor, but 
obviously would occur only on an extremely long line. The 
probability of many such lines being built is remote, so it would 
seem that, except for special conditions, the present type of com- 
pressor equipment will prevail for some time. 

Mr. Rhodes emphasizes concisely the process and the objec- 
tives of the analysis and, of equal importance, points out what 
it is not supposed to do, 

Attention is called to the fact that, under different market 
conditions, a different formula for line cost would be required. 
This would result in a variation of the constants and exponents of 
Equation [2] of the paper, but the form would be unchanged. 

As previously described, variation in station cost per horse- 
power with the size of the station could be included by changes 
in the exponents of the symbols for quantity delivered and for 
the compressor ratio. This variation actually is due to the fact 
that certain of the items making up the total station cost do not 

vary directly with the horsepower, either varying at a lower rate, 
or remaining constant regardless of the size of the station. For 
the purpose of the analysis, all of these items can be included in a 
single group as a fixed charge. The discusser constructively 
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points out that this fixed charge is equivalent to a certain number 
of horsepower per 1,000,000 cu ft per day and hence can be in- 
cluded in the factor k. This is a simple and fairly accurate 
method of including the variation of station cost with size, and as 
shown, results in solutions for optimum compressor ratio in agree- 
ment with those at which many of the large pipe lines are 
operated. 

The discusser’s comment, concerning Equation [32], the final 
equation for total annual cost, illustrates a second objective of the 
analysis, which is to show the relative weight of the various fac- 
tors determining the specifications of the line. The importance 


JULY, 1943 


of the stress factor is brought out in the discussion. 
To Mr. Terry, the writer expresses appreciation of his favorable 
comment. 
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1825-Lb-Pressure Topping Unit With Special 


Reference to Forced-Circulation Boiler 


By F. S. CLARK,' F. H. ROSENCRANTS,? W. H. ARMACOST# 


Because of current War Department regulations, the 
name and location of the power company whose additional 
facilities are discussed in this paper cannot be divulged at 
the present time. Originally the power station, estab- 
lished in 1923, incorporated turbine-generator capacity in 
two units of 75,000 kw, supplied by 375-psi, 750 F steam at 
the throttles by five boilers having a continuous steam- 
generating capacity of about 1,000,000 lb per hr. Early in 
1940, economic and engineering studies were undertaken 
by Stone & Webster Engineering Corporation, leading to 
improvements in the economy of the station and addi- 
tional generating capacity. The result is the installation 
of a 25,000-kw superposed turbine generator with one 
boiler having a continuous steam-generating capacity of 
650,000 lb per hr at 1825 psi and 960 F at the superheater 
outlet. This forced-circulation boiler is the first of its 
type ever installed in this country and is 85 per cent 
greater in capacity than any of similar type installed in 
European plants. The authors discuss comprehensively 
the details of this boiler and its operation. 


to be discussed, was organized in 1923, to supply power to 

three owning companies and to buy and sell secondary 
power under an agreement with one additional company not 
included in the group. The station was established because of 
the desire of the three owning companies “‘to secure an economical 
and assured supply of electric power at minimum cost, in addition 
to the capacity of their respective steam stations,’ which were 
old and incapable of most economical extension. 

The power station is located on tide water and receives fuel 
in vessels up to 10,000-ton capacity. Up to the time of the 
present installation, it contained two turbine-generators of a 
combined capacity of about 75,000 kw and five boilers having 
& continuous steam-generating capacity of about 1,000,000 Ib 
perhr. Steam conditions at the turbine throttles are 375 psi and 
750 F. The boilers are equipped to burn both oil and pulverized 
coal, the latter being prepared in a separate building. 

Early in 1940 the company requested Stone & Webster En- 
gineering Corporation to undertake the necessary engineering 
and economic studies to determine the best type of capacity 
addition to make to its power station. It was desired to im- 
prove the economy of the station and to provide additional 
generating capacity. These studies covered 20,000- and 40,000- 
kw condensing units, also a superposed 25,000-kw unit. The 
steam conditions for the condensing units were 850 psi and 900 F; 


Ter power company, whose steam-generating facilities are 


‘ Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow A.S.M.E. 

_* Vice-President, Combustion Engineering Company, Inc., New 
York, Mem. A.S.M.E. 

* Chief Engineer, Superheater, Economizer, and Marine Divisions, 
and Consultant on Forced Circulation, Combustion Engineering 
Company, Inc., New York, N. Y. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 30—Dec. 4, 1942, of THE AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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for the superposed unit, 1800 psi and 950 F at the throttle, and 
400 psi and 603 F at the exhaust. As a result of these studies, it 
was decided to install the superposed turbine-generator with one 
boiler having a continuous steam-generating capacity of 650,000 
Ib per hr at 1825 psi and 960 F at the superheater outlet. In 
combination with the two 375-psi turbine-generators, the re- 
sultant gross output is 72,800 kw. 

Layout studies and estimates indicated that the new boiler 
should be installed in the vacant space in the boiler room and the 
superposed unit in a separate room adjacent to the new boiler. 
Fig. 1 shows the arrangement in plan and in relation to existing 
equipment. 

The column footings are on hard rock, the basement floor being 
at grade el 118.0, the forced- and induced-draft-fan floor at el 
186.5. Economy in structural costs and the desire to maintain 
existing operating levels dictated the advisability of installing 
a steam-generating unit that could be erected within the limits 
set by the existing structure. This meant a so-called “low-head” 
boiler, with furnace dimensions such that the wet-bottom type 
had to be used, whereas the existing furnaces have dry bottoms. 
A study of the coals normally available showed that no operating 
difficulties or restrictions as to choice would result from using the 
wet-bottom furnace. 

The fact that at 1850 psi water at the boiling point weighs 
about 40 lb and saturated steam 4.75 lb per cu ft presented 
a problem in connection with natural circulation in a low-head 
boiler, having a distance from the bottom of the main drum to the 
furnace floor of about 60 ft. Studies of natural-circulation de- 
signs submitted left doubts, possibly unjustified, as to satisfactory 
operation under the conditions imposed. The forced-circulation 
boiler was then considered, with the result that after most 
thorough study its use was decided upon. 

The design submitted was supported by experience with 
several hundred units operating in Europe, on land and sea, 
running in capacity up to 350,000 lb per hr. The fact that the 
new unit is the first of its type to be installed in this country 
and that, when compared with European practice, is 85 per cent 
greater in capacity, is f-r higher pressure and higher steam tem- 
perature, and that it involves steam reheat, does not place it in 
the sphere of radical pioneering. A number of European in- 
stallations were investigated. The performance and design 
data, associated with developments up to date, were made availa- 
ble to the engineers of the American licensee. The greater 
capacity, high steam pressure and temperature, and the reheat 
feature are new only in their association with a unit of the 
forced-circulation design. 


GENERATING AND ELECTRICAL EQUIPMENT 


The new generator, Fig. 2, is rated 20,000 kw, 14 kv, but is 
capable of generating 25,000 kw continuously. No new step-up 
transformers were added at this time. In order to handle the 
increased output, the capacity of the two existing main trans- 
former banks, having a combined capacity of 82,500 kva, has 
been increased by the addition of blower equipment on the 
radiators to approximately 107,250 kva. 

The additional generating capacity has necessitated increasing 
the rupturing capacity of the 14-kv oil circuit-breakers. These 
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PLAN SHOwING LocaTION OF NEw BOILER AND TurRBINE UNIT 


Fig. 2. New Hicu-Pressure TURBINE 
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were rated at approximately 500,000 kva. To meet the new 
requirement of 1,000,000 kva, eight breakers have been rebuilt 
with modernization parts, increased current-carrying-capacity 
contacts, and subcell disconnecting switches. In all cases, modern 
high-speed operating mechanisms have been substituted for the 
existing ones, Additional copper has been added to transformer 
circuits and silver plating of contacts has been used to increase 
current carrying capacity of connections and disconnecting 
switches where required. 


Heat BALANCE 


Fig. 3 shows the heat-balance diagram for the high-pressure 
installation with the “topping” unit generating 25,000 kw. 
Under this condition, the boiler delivers 620,000 Ib per hr of 
which 615,460 is exhausted from the turbine at 400 psi and 603 F. 
Of the exhaust, 77,500 Ib is used in two crossover heaters as a 
final or third stage in feedwater heating. The remaining 
537,960 Ib goes to the reheater in the boiler setting where its 
temperature is raised to 765 F. Of the reheated steam 53,300 
lb is used to drive the high-pressure boiler feed pumps. Ap- 
proximately 500,000 lb, including tempering steam used for 
temperature control, passes into the header supplying the two 
existing generating units. This is sufficient for the generation of 
about 47,800 kw. 

Exhaust steam from the high-pressure boiler-feed-pump 
turbines is used for the first stage of feedwater heating. The 
second stage of heating is with steam extracted from these same 
turbines at about 122 psi. Drips from the extraction and 
crossover heaters are pumped to the high-pressure boiler-feed- 
pump suction header. 


HiGu-PressuRE AND REHEAT STEAM PIPING 


The high-pressure steam pipe between the boiler and turbine is 
128/, in, OD, turned and bored, with walls 1.71 in. thick of forged 
carbon-molybdenum steel, and conforming with A.S.T.M. 


HeEAT-BALANCE DIAGRAM 


Specification A-206-39-T. There are two gate valves in the line, 
one located at the superheater outlet and the other near the 
turbine throttle. There is no nonreturn valve. The valves 
have carbon-molybdenum bodies and all seating surfaces are 
stellited. Each is equipped with a motor-operating unit, having 
two control stations, one located near the valve, the other at 
boiler-room floor level. All joints in the line are welded, stress- 
relieved, and Gamma-rayed. 

A pressure-reducing-and-desuperheating station is installed 
between the high-pressure steam line and the exhaust line from 
the turbine to the reheater. This consists of a 10-in. gate valve, 
a quick-opening valve, pressure-reducing valve (1825-400 psi), 
and a spray-type desuperheater. A second similar valve, 4 in. 
in size, is installed in parallel for by-passing up to 100,000 Ib 
per hr, thus avoiding wear on the main valve under low flow 
conditions. The piping below the reducing valves is protected 
against accidental rise in pressure by safety valves. 

The 400-psi exhaust line from the turbine to the reheater and 
from it to the existing 375-psi steam line is 16-in-OD carbon 
steel with all joints welded. Safety valves protect the unit from 
rise in pressure should a gate valve in the line be inadvertently 
closed. 


BoILer 


Comparison With Natural Circulation. The boiler differs in 
construction from a conventional natural-circulation unit in two 
fundamental respects as follows: 

1 Pumps, Figs. 4 and 5, inserted in the downcomer connec- 
tions leading from the main boiler drum to the bottom furnace- 
wall headers serve to insure the volume of circulation established 
by the design. 

2 An orifice, inserted at the entrance to each tube element, 
at the point where it emerges from the bottom furnace-wall 
header, serves to fix the flow of water at a predetermined propor- 
tion of the total volume in circulation. 
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PULVERIZED COAL BUNKER 
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The operation of the boiler is uninfluenced by the forced- and 
controlled-flow features. Burners, draft system, feedwater 
regulation, blowdown, etc. are operated and controlled in identi- 
cally the same way as would apply to a natural-circulation unit 
of comparable design. The circulating pumps introduce minor 
variations in the routine of placing the unit in service, but having 
been placed on the line, the attention given is no more than that 


given to the forced- and induced-draft-fan units; in fact, it is less 
as no attempt is made to control the rate of delivery, either by 
throttling or speed control. 

Protection Against Failure of Circulation. Two of the three 
circulating pumps are dual-driven and so arranged that, if the 
speed drops to a predetermined value due to motor failure, the 
steam turbine picks up the load automatically. Two pumps 
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Fic. 5 Puan ARRANGEMENT, SHOWING RELATION OF PuMpS AND CIRCULATING PipiIna TO FURNACE 


will be in service at all times so at least one of the dual-driven 
units will always be in operation. With two motor drives in 
service, the source of electric power for each will be independent 
of the other. If for any reason the differential pressure between 
the suction and discharge headers falls to an established mini- 
mum, an automatic device acts to shut off the fuel supply. The 
worst that can happen, as a result of pump failure, is a shutdown, 
the same as would be the case in the event of failure of fuel or 
feedwater supply, or failure of either the forced- or induced-draft- 
fan equipment. 

Main Operating Characteristics: Fullload of 650,000 lb of steam 
per hr when firing coal: 


Steam at superheater outlet, psi and deg F.......... 1825 and 960 
Steam at reheater inlet, psi and deg F.............. 400 and 603 
Steam at reheater outlet, psi and deg F............. 380 and 765 
Feedwater temperature to economizer, deg F................ 446 
Feedwater temperature to boiler, deg F..................4-. 520 
Total draft at air-heater outiet, in............ 10.85 
Total air pressure at air-heater inlet, in...................--- 11.80 


Additional data shown graphically in Fig. 6 


Fuel. The unit is fired with 12 (3 sets of 4) pulverized-fuel 
burners and alternately by 8 (2 sets of 4) oil burners arranged for 
tangential firing. Each set of 4 burners includes one burner in 
each corner of the furnace, all on the same horizontal plane. 
These burners are supplemented by four auxiliary oil burners in 
the upper wall opposite the superheater. Pulverized fuel is 
supplied by 12 feeders from a pulverized-fuel bunker, supplied in 
turn by an existing detached pulverizing plant. These feeders 
are divided into 3 sets of 4 to correspond with the sets of burners. 
Each set is driven by a constant-speed motor through a variable- 
speed unit. 

The primary fuel is coal. Superheating surfaces are pre- 
dicated on this fuel. When burning oil, the superheat and reheat 
will be held up to the design figures by burning the required 


630F 
F 
F- 
F 
520 F 
i 290F 80F 
AS TEMP AT : 
HEAT ABSORPTION 4 7.8 
SURFACE SQ.FT. [3212] 4381)4 24,371 26,350 119,400 
Jesse 
S 
x < 
\uprer 
2 2 
z 
< 
2] 446 F 
ro 890 F 
FURNACE SURTACE 
6000 $Q. FT, 
« 
uw 
HEAT ABSORPTION = 
% OF TOTAL® 57.0 


Fig. 6 Surraces, TEMPERATURES, AND DISTRIBUTION OF HupaT 
ABSORPTION 
(620,000 lb per hr rating.) 


amount of oil in the auxiliary burners. It is conceivable that 
these burners could also be used in combination with coal as a 
means of regulating superheat. Such operation was not con- 
templated, and operating experience proves it to be unnecessary. 
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Furthermore, except in such instances as when the price of coal 
and oil happens to be on a parity, such operation would probably 
be uneconomical. 

Forced Circulation. Any two of three 3500-gpm 50-psi-head 
pumps provide circulation up to full-load operation. One pump 
alone it is anticipated will give adequate protection to heating 
surfaces for an indefinite period but may possibly not give the 
desired margin of safety for continuous operation at full capacity. 
Each pump is provided with motor-operated gate valves at suc- 
tion and discharge and a discharge swing check valve. Two 
14-in. downcomer pipes, one from each end of the main steam 
drum, join through a cross header from which three 14-in. suction 
connections supply the three pumps. The three 12-in. discharge 
pipes supply a common header system of 12- and 10-in. pipe from 
which water is distributed through seventy-two 3'/,-in. tubes 
to the bottom furnace headers. The suction and discharge 
pipes for each pump are short-circuited through a */,-in. pipe 
connected just above the shutoff valves for the purpose of pro- 
viding adequate circulation to keep them up to full temperature 
even though the pump may not be in service. Each of the 14- 
in. pipes is protected with an entrance screen where it leaves 
the drum. 

The pump impeller is of the simple overhung type. Running 
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clearances provide for the large increment of temperature change 
which takes place when putting an idle pump into service. The 
end thrust, about 28,000 lb, is taken on a Kingsbury thrust 
bearing. The shaft gland is packed against a pressure of 115 
psi; the pressure being maintained by a reducing valve dis- 
charging to a 15-psi flash tank. Fig. 7 clearly indicates the man- 
ner in which the 2000 psi is broken down and the means of taking 
care of the leak-off water, a system identical with practice long 
established in high-pressure boiler feed pumps. 

The performance characteristic, satisfactory operation of the 
lubrication system, thrust bearing, gland seal, etc. were fully 
established on each pump by shop test. 
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The extreme simplicity of design, coupled with the ideal con- 
ditions of constant temperature, speed, and load and with the 
further fact that a relatively clean noncorrosive water is being 
handled should place the operation of the circulating pumps on 
a plane approaching absolute reliability. 

With two pumps in service, the total water in the system is 
circulated in a period of 1 to 1'/: min, the exact time depending 
upon the level of water in the drum and the ratio of steam to 
water in the furnace-wall tubes. At 3500 gpm per pump two 
units circulate about 2,100,000 lb per hr or three times the full- 
load evaporation rate. Tests made at 2000 psi by the research 
department of Consolidated Edison Company,‘ on setups made 
with tubing of the same diameter and wall thickness as used in 
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Fic. 8 STRAINER-AND-ORIFICE ASSEMBLY 


the present furnace, confirmed European experience that this 
ratio of water to steam is well on the safe side. 

The steam equivalent of the energy consumed by the circu- 
lating-pump drives is approximately 0.30 per cent of the steam 
generated. 

Controlled Circulation. Equal in importance with positive 
minimum volume of circulation is the assurance that each element 
of the circulating system shall receive its proportionate share of 
the total. The nozzle and strainer, Fig. 8, inserted at the en- 
trance to each of the furnace-wall elements is designed to give 
a pressure drop of about 15 psi. Actually, in establishing the 
pressure drop, the resistance offered to flow by the entire circuit 
between the lower header and the drum must be taken into 
consideration. Theoretically each variation of tube diameter, 
tube length, heat absorption with different locations in the fur- 
nace, etc. dictates a different size of orifice and a different 
orifice pressure drop. Actually, however, minor variations are 
unimportant, and the margin of safety is such that precision in 
design is not necessary. In the present design two sizes of orifice, 
0.34 and 0.40 in. diam, take care of all the variations. 

The holes in the strainers are */;s5 in. diam with an aggregate 
area of 20 or more times the area of the orifice. 

As part of the research program undertaken by Consolidated 
Edison Company,‘ its engineers co-operated with engineers of 
the boiler manufacturer in a thoroughgoing calibration of the 
orifices. A setup was made of an exact replica of a section of the 
header with screen-and-orifice assembly, and tests run on a series 
of five orifices covering the range from !/, to '/2 in. diam, with 
pressures covering the range from 250 to 2500 psi. The water 
in all tests was only slightly below saturation temperature. 
Aside from their value as applying to the new boiler, these tests 


‘Studies of Heat Transmission Through Boiler Tubing at Pres- 
sures From 500 to 3300 Psi,”” by W. F. Davidson, P. H. Hardie, 
C.G. R. Humphreys, A. A. Markson, A. R. Mumford, and T. Ravese, 
Advance Paper No. 16, presented at the 62nd Annual Meeting of 
Tue American Society or Mecuanicat Enaineers, held in New 
York, N. Y., December 4, 1941. To be re-presented for discussion 
at the next meeting of the Society. 
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Fic. 9 Roor anp Upper Zone OF FURNACE 
(Note screen tubes and superheater tubes immediately behind them.) 


prove that the coefficient of discharge of an orifice is uninfluenced 
by pressure and temperature; and hence orifices for future 
boilers may be calibrated before installation with water at low 
pressure and temperature. 

Evaporating Surface. All furnace-wall tubing is 1'/, in. OD. 
At the point of leaving the bottom headers, a single 1'/,-in. out- 
let is bifurcated into two 1'/,-in. tubes, and all spacing arranged 
to give a furnace lining of 1'/,-in. tubes on 15/,-in. center lines. 
Tubing of 1!/, in. was selected with due regard to (a) resistance 
to flow; (b) economic limitations on weight; and (c) the cer- 
tainty of having a turbulent-flow condition at all points in all 
tubes without requiring a prohibitive volume of circulation. 

Referring to Fig. 4, the heat-absorbing surface of the furnace 
may be divided into four groups of elements, in which all ele- 
ments in each group are of similar design and which, because of 
similar location and exposure, absorb approximately the same 
amount of heat per element, as follows: 

1 A group running from the lower rear header across the fur- 
nace bottom, up the front wall, across the furnace top into header 
(A) which is connected by twenty-five 3'/,-in. nipples into the 
drum. 

2 Two groups of identical design, one for each side wall, run 
from headers at the furnace bottom to similar headers at the top 
which in turn are connected to the steam drum through a 
total of thirty-four 2'/:-in. tubes. 

3 A group, making up 50 per cent of the rear wall tubes, 
running from the lower rear header is increased from 1'/, to 15/, 
in. at a point just below the superheater and arranged to pass in 
front of the superheater in two-in-line rows on 6°/;.-in. centers. 
These tubes pass over the top of the reheat superheater and up 
to header (B) which in turn is connected through twenty 3'/,-in. 
nipples into the drum. 

4 The other 50 per cent of the rear wall tubes pass beneath 
the reheat superheater to a header from which the steam-and- 
water mixture passes through fourteen 3'/,-in. tubes to the same 
header mentioned for group (3). 

The 1'/,- and 13/,in. tubing described adds up to about 
63,000 linear feet and on a projected basis the tubing exposed to 
heat is equivalent to approximately 6000 sq ft. It constitutes 
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the entire evaporating surface. At 620,000-lb per hr capacity, 
this means roughly 108 lb of evaporation per sq ft of projected 
surface per hour. The water enters the circulating system from 
the economizer at about 530 F. Heat required per pound of 
evaporation, including 150.7 Btu to raise to the boiling point plus 
the latent heat of 480, is 630.7 Btu. The heat absorption per 
square foot of projected heating surface is therefore about 
65,000 Btu per sq ft per hr. 

Superheater; High-Pressure. The large convection super- 
heater (24,371 sq ft) is made up of 2'/,-in. tubes with the elements 
spaced on 3°/y-in. centers across the boiler. The radiant bank 
(3212 sq ft) made up of 2-in. tubing is placed next to the furnace, 
so arranged that the loops carrying the coolest steam are placed 
closest to the furnace in the hottest gases. The elements are 
spaced on 6°/,.-in. centers in line with the 1%/,-in. furnace screen 
tubes. 

Superheater; Reheat. Located between the radiant and 
convection banks of the high-pressure superheater, the reheater 
elements made up of 2'/s-in. tubes are spaced on 6°/j.-in. centers 
and in line with the radiant high-pressure and the furnace screen 
tubes ahead of it. (Reheat surface 4381 sq ft.) 

Economizer. The economizer (25,854 sq ft) made up of 2-in. 
multiple-loop finned elements takes water into two bottom 
headers through a total of fourteen 3'/,-in. tubes and discharges 
from two top headers through a total of eighteen 3'/,-in. tubes 
into the bottom of the drum. Elements run from both sides to 
the middle; i.e., there are actually two sets of economizers. 
This arrangement was necessary to facilitate element removal. 
A horizontal plate, see Fig. 4, half way up divides the unit into 
upper and lower economizers through which gas flow is controlled 
by dampers at the outlet. The manner in which these dampers 
may be operated to control high-pressure-steam temperature is 
obvious. 

Steam Drums and Connecting Tubing. The main steam drum, 
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(Note burner, slag outlet, and lower rear header assembly. Bottom tubes 
and slag opening were subsequently protected with refractory coverage.) 
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TABLE 1 


Furnace 
radiant bank 
Reheater 

Superheater, convection bank 
Economizer 


Air heater 


TRANSACTIONS OF THE A.S.M.E, 


JULY, 1943 


TEMPERATURES AND DISTRIBUTION OF HEAT 


ABSOR 


Entrance 
temperature 


Per cent of 

total heat 

absorption 
57.0 
7.1 


a Note that the absorption by the air heater is returned to the furnace via 


the heated air and is a circulating element. 


TABLE 2 PRESSURE-PART DESIGN DETAILS OF BOILER 


Item 
Drum Assemblies 
Dry drum 
Main steam drum 
Tubes from main to dry drum 
Tubes from dry drum to sat. header 


Header A 
Nipples from header A to drum 


Header B 
Nipples from header B to drum 


Circulating System 


Downcomers to pumps 

Pump discharge pipes 

Distribution header, across rear 
Distribution header, under furnace 
Pipe connecting headers (C) and (D) 
Tubes to lower furnace headers 


Furnace 
Bottom rear header 
Bottom side wall headers 
Upper side wall headers 
Upper rear wall header 
Connections at headers 
Furnace wall tubes 
Screen tubes below superheater 
Tubes upper side wall header to drum 
Tubes upper rear wall header to header B 


Superheater Tubes 


High pressure convection bank 
ottom ha 


Top half 


High pressure radiant bank 
oops nearest furnace 


Finishing loop 
Reheater tubes 


Superheater Headers 
High pressure inlet 


High pressure outlet 
Reheater inlet and outlet 


Economizer Tubes and Headers 
Finned tubes 
Feed header to inlet header 
Outlet header to drum 
Economizer headers 

Orifice and Strainer Assembly 
Orifice 
Orifice 
Strainers 
Closure plugs 


Gasket 


14 
123/4 OD 
1283/4 OD 


Dian, in. 


48 ID 
54 ID 


31/4 OD 
31/4 OD 


8°/s OD 
31/4 OD 


85/s OD 
31/4 OD 


OD 


103/4 OD 


OD 
85/s OD 
65/s OD 
1!1/; OD 
11/, OD 
13/, OD 
2'/2 OD 


31/4 OD 


2'/, OD 


2 OD 
2 OD 
21/, OD 


OD 
12?/, OD 
OD 


2 OD 
31/4 OD 


Wall 


thickness, 


in. 


423/s5 
0.320 
0.320 


31/39 
0.375 


0.375 


Hnnnnnn 


a 
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Material specification 


A106-40 Grade B 

A106-40 Grade B 

A106-40 Grade B 

S-4 Grade 1 

Grade B 
9 


-4 
A210-40 


. 8-4 Grade 1 


A106-40 Grade B 
A106-40 Grade B 
A-106-40 Grade B 
-40 
A-132-40 
-40 
A-192-40 
8-40 
A-192-40 
S-4 
A-210-40 


8-49 
A-210-40 


8-40 
A-192-40 


-48 
. A-209-40T Grade T-1 


8-52 
A-213-40T-16 


. A-213-40T-16 


A-83 38T 


. 8-18 Grade B 


A-106-40 Grade B 


. 8-45 Grade P-1 
A-206-39T Grade P-1 


S-18 Grade B 


. A-106-40 Grade B 


Material description 


B 70,000 T.S. Molybdenum steel 
S-44-Grade B 70,000 T.S. Molybdenum steel 
A-204-39 

9 Silicon-killed medium-carbon steel 
A210-40 
8-49 Silicon-killed medium-carbon steel 
A-210-40 
A106-40 Grade B Silicon-killed medium-carbon steel 

. 8-8 Class II Forged steel 
A-105-40 
A106-40 Grade B Silicon-killed medium-carbon steel 

. 88 Class II Forged steel 
A-105-40 


Silicon-killed medium-carbon steel 
Silicon-killed medium-carbon stee! 
Silicon-killed medium-carbon stee! 
Carbon steel 

Silicon-killed medium-carbon steel 
Silicon-killed medium-carbon steel 


Carbon steel 

Silicon-killed medium-carbon steel 
Silicon-killed medium carbon steel 
Silicon-killed medium-carbon steel! 
Silicon-killed low-carbon steel 
Silicon-killed low-carbon steel 
Silicon-killed low-carbon steel 
Silicon-killed medium-carbon steel 


Silicon-killed medium-carbon steel 


Silicon-killed low-carbon steel 

Silicon-killed carbon-moly steel 

Chrome-molybdenum titanium 
steel 

Chrome-molybdenum titanium 


steel 
Low-carbon steel 


Silicon-killed medium-carbon steel 
Carbon-molybdenum alloy steel 


Silicon-killed medium-carbon steel 


0 Silicon-killed low-carbon steel 
A-192-40 
9 Silicon-killed medium-carbon steel 
A-201-40 
9 Silicon-killed medium-carbon steel 
A-201-40 
-18 Silicon-killed medium-carbon steel 
A-106-40 
Stainless 
Stainless 
Low-carbon steel 
Stainless 


Brinel) (80-100) 


a 


|| 
of gases, 
deg F 
6.9 
21.2 
890 7.8 
1.312 
11/2 
103/4 OD 1.735 
31/4 OD 0.300 
113/16 
17/16 
13/16 
27/30 
0.200 
0.165 
0.220 
0.260 
0.340 
21/40D 0.300 
0.320 || 
0.300 
0.135 S17 
“i 
0.340 
31/4 OD 0.340 41 
OD 11/, 24 
n 
1 OD 1/5 
113/33 1l/, 18% Chr Bo 
8% Nickel Wil 
d 
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DRAINS 
Fig. 12 Means or Reinrorcinc Drums aT TuBE 


ENTRANCE STEAM TO DRY DRUM 
(Large tubes go through drum and are welded inside and out.) | : - 7 


41 ft 3'/, in. long X 54 in. ID, is 42/2 in. thick. The dry drum, 
24 ft 2in. long X 48 in. ID, is 4/, in. thick. 

The manner of entering the tubes into the drums, Fig. 12, is 
such that the ligament efficiency is 90 per cent. Since this is the 
Same as the design limit of strength (fixed by the A.S.M.E. 
Boiler Code) for the longitudinally welded seams, as compared 
with virgin metal, no increase in drum thickness is imposed. 

A total of 66 tubes 31/, in. diam take the steam from the main 
steam drum up to the dry drum; 40 tubes of the same diameter 
convey the steam from the dry drum to the saturated header 
of the high-pressure superheater. 

The drum internals are fully illustrated in Fig. 13. Attention Fic. 13 Drum INTERNALS 


11 Lower AssEMBLY 
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is directed to the low point at which steam is taken from the main 
drum up to the dry drum, and the internal arrangement provided 
for overcoming the apparent defect. Reference to Fig. 4 reveals 
the physical obstructions external to the drum which prevented 
taking the steam off at a higher level. 

Air Heater. Two air heaters (55,200 sq ft each) complete 
the heat-absorbing equipment. They are equipped with by- 
passes for light-load operation. The active heating element, 
58 in. in height over-all, is made up of three layers—a lower or 
hot layer 42 in. high, and a 10-in. intermediate layer of 24 gage 
open-hearth steel and a top cold layer 6 in. high of 22 gage 
Tonean iron, At full capacity, the air heaters lower the tem- 
perature of the gases from 640 to 290 F with a corresponding air- 
temperature range of 80 to 530 F. 


Soot Blowers and Lancing Provisions. Soot blowers located 
in the furnace roof and walls are distributed as follows: 


8 Revolving units in roof to clean screen and superheater section 
3 Revolving units in front wall 

3 Revolving units in rear wall 

4 Revolving units in side walls (2 on each side) 


In the superheater and reheat section, units on each side of the 
boiler are distributed as follows: 


2 Retractable units between the radiant bank of the high-pressure 
superheater and the reheater 

4 Revolving units ahead of the convection superheater 

3 Revolving units behind the convection superheater 


In the economizer section, there are 16 revolving units and 
16 stationary units. The stationary units clean the ends of the 
loops beyond the barrier formed by the supporting structures. 
The economizers are divided into two vertical halves, thereby 
doubling the number of supports added to the number of soot 


blowers to reach all parts. 
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All of the furnace units take saturated steam at 750 psi through 
a reducing valve. The remainder of the blowers take steam from 
the reheater outlet at 375 psi and 750 F. 

Access for hand-lancing of the screen and superheater section 
is provided through a row of lancing ports in the roof, permitting 
entry of a lance to each open lane. These lanes are on 6°/j6-in. 
centers. 

Material Specifications and Thickness. Table 2, showing the 
diameter, wall thickness, material description, and specifications, 
as applying to the pressure parts, is of interest and is included as 
a reference and record. 

Welded Construction; Pressure Parts. All tube connections 
to headers and to the boiler drums are welded. There are no 
rolled joints of any character. All joints of the 14, 12, and 10-in. 
circulating system are welded, stress-relieve 1, and Gamma-rayed. 
Welded construction is in no way a feature of the controlled- 
forced-circulation system but was decided on as desirable in view 
of the high pressure. The only joints which are not welded are 
the plugs opposite the orifice and strainer assemblies, the man- 
holes in the drums, the bolted joints on the safety-valve flanges, 
the bonnets on the circulating-water pump valves, and the heads 
on the circulating pumps. In addition to welded joints made in 
the shop, there is a total of approximately 2720 field welds. 

Supports. The dry drum is mounted on structural steel. The 
main steam drum is hung on two 4%/,-in-diam carbon-steel U- 
bolts from steel at the same level. 

The economizer is supported by rods running from cross 
members under the bottom section up over the main steam drum. 
These rods engage intermediate cross-members carrying the 
several sections. They are protected from excessive gas tempera- 
ture by outer sleeves forming an annular space through which air 
from the forced-draft fan is blown. 

The superheaters and reheater are supported by hangers from 
overhead steel independent of all other members of the boiler. 


FURNACE-TUBE SUPPORTING FIXTURES 
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The furnace tube elements are supported at the 153-ft 6-in. 
elevation by fixtures, Fig. 14, made adjustable for convenience in 
erection. All expansion of pressure parts is taken up by the 
flexibility of interconnecting tubing. No springs are used in the 
supporting system. 

The magnitude of the expansion values to be provided for may 
be gaged, when it is stated that the vertical expansion of the 
49-ft-high furnace, due to a temperature range of 80—630 F, is 
approximately 2 in. 

ConTROL 

Boiler Operation. All boiler-operating controls are brought 
to a central panel board, which carries also all operating meters, 
draft gages, and valve and damper position indicators. 

A pneumatically operated control system co-ordinates the 
operation of the various auxiliaries. Primary control of firing 
rate is from steam-header pressure. 

The control system applies to all burners in the lower zone of 
the furnace. It is arranged to permit firing any one or all three 
sets of pulverized-coal burners, or either or both sets of oil burners. 
If desired, both oil and coal in combination can be burned, with 
provision for automatic control of all burners or base loading one 
or more sets, while retaining automatic control of the others from 
steam pressure. Provision is made also to permit any distribu- 
tion of fuel desired among the various sets of burners while under 
automatic control from steam pressure. 

The air for combustion is measured by metering separately and 
totalizing the flue-gas flow through the two economizer sections. 
Control of air flow is from a totalized measurement of all fuel 
fired, including both coal and oil. The rate of air supply is 
regulated by varying the speed of the hydraulic-coupling-driven 
forced- and induced-draft fans in parallel with readjustment of 
induced-draft-fan speed if necessary to maintain constant furnace 
draft. 

Damper controls are provided in the air-supply ducts to the 
main and auxiliary burners. When the auxiliary burners are in 
use at low boiler ratings, the speed of the forced-draft fans is 
controlled from the air-pressure requirements of the auxiliary 
burners and the requirements for the main burners, regulated by 
means of dampers. 

The controls at both forced-draft and induced-draft fan 
couplings include special features to insure that each fan carries 
its share of the load. 

Safety devices include electrical interlocks with the fan-motor 
circuits arranged to close the outlet damper on any one fan when 
the corresponding fan is shut down or fails. If all fans fail, all 
dampers automatically open. 

Safety-check devices sensitive to pressure and draft shut off 
all fuel on failure of either forced or induced draft due to motor 
failure or otherwise. 

Load-limit devices restrict the maximum quantity of fuel that 
can be fired to the capacities of the fan equipment actually in 
service for delivering air and withdrawing products of combustion. 

Steam-Temperature Control. Control of high-pressure steam 
temperature is obtained by controlling dampers regulating the 
quantity of flue gas passing over the high-pressure convection 
superheater. These dampers are automatically controlled in 
parallel with rate of air flow through the boiler unit with auto- 
matic readjustment from a thermostat in the high-pressure-steam 
outlet header. By design, full superheat, with coal fuel, is availa- 
ble down to a rating of 480,000 Ib of steam per hr. 

‘eheat temperature is automatically limited by injection of 
Saturated steam from the saturated zone of the crossover feed 
heater into the steam line leading from the reheater. In the 
event the high-pressure turbine is by-passed, the steam tem- 
perature to the reheater is reduced by spraying water under auto- 
matic control into the steam line leading to it. 
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The temperature of either the high-pressure or the reheated 
steam may be boosted by burning the required amount of oil in 
the upper burners under control of manually operated devices 
located on the operating panel. 

Feedwater. The feedwater control regulates the water level 
and supply in and to the drum. This consists of two control 
valves, one in each feed line actuated by a thermostat and by 
the differential pressure between the drum and the superheater 
outlet. A master excess-pressure controller varies the speed of 
the feed-pump turbines to maintain a difference in pressure across 
the boiler-feed control valves sufficient to supply the required 
amount of water. The control also actuates a by-pass valve in 
the discharge from each feed pump for recirculating a portion of 
the feedwater at very light loads. 

The boiler feed pumps and drives are designed for two pumps 
in service handling 325,000 lb of water each with the drives ex- 
hausting to a 50-psi closed heater. This requires approximately 
1000 hp per pump. The drives are designed to be capable of 
carrying approximately 2000 hp if exhausting to the atmosphere. 
The control for this emergency condition functions from a pres- 
sure connection in the boiler-feed-pump turbine casing to start 
to open a dump valve to the atmosphere when the horsepower 
is something over 1000. This control will allow the dump valve 
to be wide open when the turbine horsepower reaches approxi- 
mately 2000, allowing one boiler feed pump exhausting to the 
atmosphere to carry practically the entire boiler load. 

In the event of excessive pressure, a Bourdon tube connected 
to the pump discharge operates a leak-off valve in the turbine- 
governor oil line and reduces the speed. This functions at about 
100 psi in excess of normal maximum discharge pressure. A 
second Bourdon tube closes an electric circuit and trips the over- 
speed governor in case of complete failure of the control equip- 
ment. 


ADVANTAGES OF ForcEeD-CIRCULATION CONTROL 


The provisions incorporated in the boiler for insuring the 
volume and distribution of circulation eliminate the last im- 
portant uncertainty present in the operation of all natural- 
circulation boilers. They reduce the design problems associated 
with circulation to a point approaching an exact science. 

The merits of any boiler from an operating point of view may 
be classified under the following headings: 


Efficiency of fuel consumption. 
Operating labor. | 

Steam quality. 

Availability. 

Maintenance. 


Efficiency, operating labor, and steam quality will be so nearly 
identical for the natural- and forced-circulation boilers that no 
advantage for either can be logically claimed. The fact, how- 
ever, that the amount of water passing through the drum is known 
and that a substantial pressure loss may be tolerated in separating 
devices without jeopardizing circulation opens up possibilities for 
developments giving drier steam for the forced-circulation unit. 

Availability and maintenance are so intimately related that 
they cannot be discussed separately to advantage. Furthermore 
availability is so dominating in importance that any departure 
from present-day design must justify its existence on this point 
above all others. Even a small amount of outage, either in terms 
of elapsed time or of frequency of occurrence, has a most impor- 
tant influence on spare equipment which must be available and 
the amount which must be maintained in service. 

The most important causes of outage are leakage or failure 
of pressure parts, failure of auxiliaries, and excessive slag deposits. 
Any advantage from less slag deposit in favor of forced-circula- 
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tion must arise from the small closely spaced tubes on the fur- 
nace wall and the relatively flat surface which results. Experi- 
ence does indicate some such advantage. The addition of cir- 
culating pumps in the case of forced circulation adds to the 
auxiliary-failure hazard. Their reliability must be established 
to a point approaching the “absolute.” A large part of the 
justification for forced circulation must therefore be predicated 
on less outage and maintenance due to leaks and failures of the 
pressure parts. 

Leakages occur at joints such as at the rolled-tube seats, hand- 
holes, flanged connections, etc. Pressure-part failures are 
largely a matter of water conditioning and circulation, associated 
with high concentration of heat application to localized areas. 

The welded construction at the station eliminates tube-seat 
leakage, but this type of construction is not an advantage limited 
to forced circulation. It adds from 3 to 5 per cent to the cost 
of the unit and is perhaps not justified, particularly as applying 
to forced circulation. Tube-joint leaks are for the most part the 
result of stresses imposed because of temperature differentials 
which occur between different parts of the pressure structure 
during starting up and shutting down. These differentials are 
almost entirely eliminated with forced circulation, owing to the 
fact that circulation is fully established before lighting off the 
furnace, and the whole of the water removed and pumped back 
into the boiler about once a minute during the entire period of the 
pressure raising and lowering processes. 

There are no handholes in the new unit. The small plugs, 
opposite the strainer and orifice assemblies, the manhole covers, 
and safety-valve flanges constitute the remaining points of possi- 
ble leakage. They are not likely to leak as they are not sub- 
jected to sudden changes of temperature. 

The combination of small-tube diameter and high velocity 
of flow results in a Reynolds number many times the critical 
range at which turbulent flow begins. Thus, a scouring action 
between the water or steam-water mixture and the inner tube 
wall exists in every square inch of the circulating system exposed 
to heat. No possibility of partially dry tubes or hot spots on 
otherwise relatively cool tubes, conditions which lead to deposits 
of sludge, aggravation of concentrated scale deposits, tube pitting, 
and kindred troubles, can exist. ; 

Other advantages result from the small furnace tubes. The 
rise above saturation temperature of the outer surface due to the 
thin wall is less by 30 to 50 deg F, depending upon the rate of 
heat absorption, than for the corresponding rise for the thicker 
wall of the larger tubes essential to natural circulation. At 
high pressure, this is important as the outer-wall temperature at 
high rates of heat absorption begins to crowd the safe limit for 
carbon steel. The thermal capacity of the tubes plus their con- 
tained water being substantially less, the rate at which pressure 
may be raised with the same rate of heat application is cor- 
respondingly more rapid. It should be noted that the rate of 
heat application is limited by the superheater to about the same 
value for both types. 

The small tubes, adaptable to forced-circulation boiler con- 
struction, very greatly simplify the construction problems im- 
posed by expansion. They are flexible. The walls are thin. 
Also the internal temperature stresses in the metal imposed at 
high rates of heat absorption are very much less than for large- 
diameter heavy-walled tubes. The extent to which this factor 
may affect the life of the metal may possibly prove to be an im- 

portant consideration. 

The orifice-control feature of forced circulation eliminates 
any possibility of the phenomena of “‘hide-out” and of uneven 
distribution of solids present in most, if not all, natural-circula- 
tion boilers. To be complete in this respect, the orifice-control 
feature must be supplemented by forced circulation which gives 
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the necessary head requirements and withdraws all water and 
returns it to the boiler about once a minute. Thus, thorough 
mixing and, hence, equal distribution of solids result. A further 
advantage comes from the fact that a sample of water taken from 
any part of the system consistently represents the condition of 
the water in the boiler—a great advantage and aid to the control 
of water conditioning. Advantage has been taken of this char- 
acteristic in the instrument equipment. An electrolytic cell is 
set up using boiler water as an electrolyte. The boiler water is 
supplied in a continuous stream through a needle valve. On its 
way to the cell, water passes through a small heat exchanger to 
reduce its temperature to approximately that of the surrounding 
atmosphere. The potential across the cell is recorded on a con- 
tinuous strip chart and gives a continuous indication of the boiler 
water concentration. 


Addendum 


OPERATING RECORD 


The turbine-generator became available for actual operation 
under load on October 16, 1942. From that time until this 
addendum was written, on November 20, the unit had been in 
practically continuous operation with pressure and load gradually 
increased, although neither the boiler nor the turbine had reached 
full design conditions. On November 20, the unit was carrying 
17,500 kw and operating at a throttle pressure of 1725 psi. The 
boiler output is 480,000 lb per hr. It is considered unsafe to 
carry a higher load because the by-pass reducing valve has not 
proved reliable under full-automatic control. If the turbine 
should trip out, failure of the reducing valve to operate immedi- 
ately would cause a loss of load by the low-pressure units in the 
station, with the possibility of a complete station shutdown. The 
valve manufacturer is working on this installation, and the defect 
should be eliminated at an early date. Only one of the two feed- 
water-level regulators is in reliable operation and this is also a 
handicap to full-load, full-pressure operation. 

The boiler was available for preliminary operation for some 
time before the turbine, and this afforded an opportunity to dis- 
cover and correct defects in the boiler and its auxiliaries and to 
make necessary adjustments by operating over a wide range of 
output, supplying steam to the low-pressure turbine-generators 
through the reducing valve. The major troubles encountered 
were leaks in auxiliary equipment, such as valve bonnets, and 
carry-over from the main drum to the dry drum under conditions 
of high water and high concentration. Modifications were made 
to the drum internals and there has been no subsequent difficulty 
from this source. 

The design of the replacement-drum internals had its origin in 
a research program carried on for some years and still continuing 
in response to the more and more rigid demand for cleaner and 
still cleaner steam for service with high-pressure turbines. Dur- 
ing the period intervening between the original design of the in- 
ternals and the date of placing the unit in service, very definite 
improvements were developed and these were applied to the 
boiler as soon as entirely new internals could be constructed and 
installed. 

There has been one tube failure. This was a pressure failure 
caused by defective tube metal; there was no evidence of over- 
heating. A section about 5 ft in length was cut out and a replace- 
ment section was welded in. The tube failure was a wide-open 
rupture, and the fact that water level was maintained in the drum 
until the furnace was partially cooled is a point of interest. 


Nore: To secure the advantage of additional operating experience, 
the section on operation will be submitted as an addendum (copies 
to be available to those present) at the time of presenting the paper. 
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The principal valves in the circulating system have ring-gasket 
bonnet joints. It has been necessary to replace all of the original 
oval rings with octagonal rings. Since this replacement, no leaks 
have been experienced. No major leaks have occurred in the 
boiler or circulating system, except a dozen or so of the plugs op- 
posite the screen and orifice assemblies at the lower furnace-wall 
headers and at the flanges on the heads of the circulating pumps. 
These, however, were made tight without reducing pressure or 
capacity. No leaks have occurred on any welded joints and none 
on the manhole covers or the safety-valve flanges. 

Some difficulty was experienced with the labyrinth packing on 
one of the three circulating pumps, necessitating replacement. 
During the preliminary operation, it was found necessary to lap 
in the high-pressure safety valves and the water-column fittings in 
order to make them tight at full pressure. 


PERFORMANCE 


No official tests have been run. Curves Figs. 15 to 17, in- 
clusive, of this Addendum, show anticipated values of the func- 
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tions plotted, and the points recorded thereon are values observed 
in normal operation. All readings were taken after several hours 
of operation at substantially constant load, with readings taken 
of all values as nearly simultaneously as possible. All tempera- 
ture readings are by thermocouples, the accuracy of which was 
carefully checked. Fig. 18 shows the position of the three sets of 
dampers used in the control of superheat and outlet-gas tempera- 
ture as established by observation during actual operation. 

The values shown in Fig. 18 should be carefully considered 
when studying the values of superheater-outlet temperature, 
gas- and air-outlet temperatures from the air heater, draft at 
the air-heater outlet, and air pressure at the air-heater inlet. A 
wide range of control is possible through manipulation of these 
dampers. Referring to values taken at the 425,000-lb rating, it 
will be observed that the upper economizer-outlet damper, re- 
ferred to in Fig. 18 as “superheater by-pass” damper, is 100 per 
cent open, and the lower economizer damper is just over 40 
per cent open. To obtain maximum superheat, the openings would 
be 0.0 per cent and 100 per cent, respectively. Such a setting 
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would result in a temperature substantially above the anticipated 
curve value and incidentally reveals that full superheat is attaina- 
ble at ratings substantially below the rating of 480,000 lb per hr, 
the lowest rating at which full superheat of 960 F was guaranteed. 
This extreme position of damper setting would also result in a 
substantial increase in draft at the air-heater outlet. It will also 
be noted that, at the 425,000-lb rating, the air-heater air-by-pass 
damper is 70 per cent open. The purpose of this is to maintain 
the outlet-gas temperature up to approximately 300 F and avoid 
all possibility of corrosion or deposits at the cold end of the air- 
heater elements. This results in a reduction of air pressure at the 
air-heater inlet. A comparison of the gas- and air-temperature 
ranges between air-heater inlet and outlet indicates that about 
20 per cent of the total air is being by-passed. 

The air pressure observed at the air-heater inlet is substantially 
less than indicated on the curves of anticipated performance. 
It should be stated, however, that, in addition to the influence on 
this value of by-passing air around the air heater, the air pressure 
at the burners was predicated on the requirements of the oil- 
burning equipment. Actual operating experience does not dic- 
tate the desirability of utilizing the full available pressure when 
burning coal. The fact that somewhat more gas is by-passed 
around the large convection superheater than was allowed for in 
proportioning the induced-draft fan accounts in some measure 
for the low value of induced draft as compared with anticipated 
values shown by the curves. 

Many determinations of conductivity of steam samples taken 
simultaneously at the entrance to the dry drum and from the 
saturated superheater header have been made. Under conditions 
of normal water level and with boiler-water concentrations cor- 
responding to conductivity up to 2600 micromhos (about 1300 
ppm), the conductivity of a sample at the entrance to the dry 
drum has, in no instance measured, exceeded 2.5 micromhos with 
normal values about 2.1, both uncorrected for dissolved gases. 
The corresponding values in the saturated header have been only 
slightly less, showing that practically all separation took place in 
the main steam drum. By deliberately increasing the water 
level to a point 6 in. above normal, conductivity values at the 
entrance to the dry drum up to 27 micromhos have been measured 
with no increase, however, in values measured in the saturated 
header. Conductivity of samples from the saturated superheater 
header which had been incompletely degasified showed values 
under 1 micromho, corrresponding to something under 0.5 ppm. 

It seems reasonable to presume that, had external obstructions 
permitted a more favorable steam take-off from the main drum 
and the installation of drying screens in this drum, equal values 
of steam quality would have been obtained without the dry-drum 
installation. 

The heat balance constructed for the 425,000-lb rating, using 
observed temperature data, COs, etc., and based on a West Vir- 
ginia coal of 18 per cent volatile content, shows the following 
losses and efficiency: 


Per cent 

Hydrogen and moisture loss.................. 3.20 

Indicated efficiency by difference.............. 90.50 


In general, the observed performance reveals that the propor- 
tions of all elements of the heat-absorption equipment, and also 
the capacity of forced- and induced-draft fans, are on the generous 
side; also that the range of control provided permits regulation 
of important temperature values to the anticipated performance 
with some margin to spare. The period of operation has not been 
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long enough to give assurance that all operating difficulties have 
been overcome but, thus far, troubles which have arisen have 
not been such as to cause concern for the future. Time remains 
the essential factor for proving the ultimate merit of the instal- 
lation, and time will not be hurried. 


Discussion 


E. G. Battey.® As the operating data presented in this paper 
are somewhat limited both with respect to time and high ratings, 
it was my intention to say nothing by way of discussion, until 
Mr. Moultrop mentioned the 2400-lb-pressure boiler at Twin 
Branch, operating since April, 1941, with natural circulation, 
and expressed a wish to hear some comments as to the relative 
merits of natural- and foreed-circulation boilers. 

Frankly, I see no advantage in arguing this point based upon 
data now at hand, because as time goes on the operation of units 
involving each method of circulation will finalize the answer in 
facts regardless of opinions or arguments. 

Some of us will remember the many discussions and arguments 
on the pros and cons of burning coal on stokers and in suspension 
from pulverizers. Time has very largely settled that question 
especially as it relates to larger units, and I might say even on the 
smaller units also, the latter staying with stokers and the former 
going almost entirely to pulverized coal. 

I am very glad that the authors have been able to install a 
large high-pressure forced-circulation boiler in this country, so 
that we will not have to depend further on relatively small high- 
pressure units or medium-sized low-pressure units of the forced- 
circulation type in Europe. 

We have made several forced-circulation boilers mostly for re- 
stricted headroom and moderate sizes. The shape of the boilers 
would make it very difficult to design them for effective natural 
circulation. In the case of a large central-station unit, such as the 
one at Twin Branch, which has been quite completely described,* 
there has been no difficulty whatever due to circulation, and in 
fact, we have recently restricted the circulation about 14 per cent 
so that we would have less water to deal with in separating steam 
in the upper drum. 


J. S. Bennerr.? Several years ago the London Power (o., 
Ltd., installed a Lamont forced-circulation boiler in its Deptford 
West Power Station. This stoker-fired steam generator was de- 
signed for a maximum continuous evaporation of 350,000 |b of 
steam per hr at 375 psig pressure, 850 F total steam temperature, 
Fig. 19 of this discussion. « 


Although this unit has not been operated to date at its maxi- . 


mum continuous rated capacity, there have been no circulation 
problems which have dictated operation at lower steaming rates. 
The main difficulty is that the gas-temperature drop through the 
unit is not ‘‘steep,”’ and the‘exhaust temperatures to the chimney 
are too high. Indications are that the straight-through gas flow 
results in by-passing an appreciable amount of the heating sur- 
face. This fact was substantiated by creating experimentally 4 
slightly positive pressure in the furnace which results in a drop 
of 25 F in the exhaust gases. 

The performance as a whole has been satisfactory, considering 
the inclusion of certain experimental features. 

Some years ago, during the development of the water-cooled 
stoker, it was found convenient to extend the Lamont forced- 


5 Vice-President, The Babcock & Wilcox Company, New York, 
N. Y. Mem. A.S.M.E. 

6 **Twin-Branch Extends High-Pressure Economies,” by P. Spor, 
Electrical World, vol. 16, Oct. 18, 1941, pp. 80-82. 

7 Manager of Sales, American Engineering Company, Philadel! phia, 
Pa. Mem. A.S.M.E. 
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Fic. 19 Lamont Forcep-C1rcuLATION BoILer aT DeptrorD WEstT 
Power Station, LONDON 


circulation waterwalls to provide water cooling for eight stokers. 
The first experimental design, Fig. 20, provided for headers at A 
and B with the water being pumped in at header A and leaving at 
header B. Several tube failures at point C occurred, presumably 
because the steam bubbles rose to the high point of the tube and 


Fic. 20 ExpermMENTAL DesiGN oF- WATERWALL EXTENSION TO 
PrRovIDE STOKER COOLING 


were not swept away by the velocity of the water. This was cor- 
rected by reversing the flow of water. In this particular plant, 
the feedwater conditions were poor and periodically tube failures 
occurred because solid material would plug up the orifices between 
the header and the individual tubes. It was found, however, 
quite practical to make very quick and easy repairs by welding, 
because of the small size of the tubes. 


boiler unit, aside from the application of forced circulation. The 
heat-release and absorption rates are consistent with conventional 
practice, although forced circulation appears to offer opportuni- 
ties for increased heat-release rates and increased heat absorption 
within the furnace. The advantage of tangential firing in a slag- 
ging furnace has not been fully explored and it seems likely that 
forced circulation may remove one major obstacle from the path 
of this development. 

In large interconnected power systems, economy considerations 
dictate sustained full-capacity operation for modern high-pres- 
sure boilers, which further aggravates common problems. The 
necessity of cleaning gas passages continuously under such con- 
ditions is due, largely, to adoption of 950 F steam, with conse- 
quent high gas temperatures and to fuel characteristics, and re- 
quires a substantial increase in operating labor. Maintenance of 
superheater elements, hangers, dampers, baffles, etc., exposed to 
the high gas temperature, is also a difficult problem. Since it is 
impossible to design a unit which is self-cleaning for all coals, ac- 
cessibility for cleaning is of utmost importance Furnace-wall 
cleaning is usually necessary to keep superheat within range. 
Experience indicates that bifurcated-tube furnace walls clean 
more easily than fin tubes, and it seems likely that the boiler 
under discussion is a further improvement in this direction. 

The firing circle appears small, and it would seem advantageous 
to increase the diameter, thereby utilizing the energy introduced 
into the furnace to force more heat into the walls, reducing gas 
temperature and draft loss. The permissible heat input into con- 
ventional bare-tube waterwalls is limited by considerations of cir- 
culation, as well as by size and thickness of tubes. Experiments 
have shown that very high rates of heat input are permissible in 
tubes so long as unidirectional turbulent flow is maintained in the 
water and steam mixture. With some coals, a large firing circle 
results in a self-cleaning furnace. Wall wastage, due to chemical 
attack, may temporarily discourage such considerations, but ex- 
perience indicates that with conservative burner design and mod- 
erate coal velocity this problem is absent. Several low-pres- 
sure boilers have been operating many years with the flames 
scouring the walls most of the time without distress, other than 
burning away the fins. Experience indicates that trouble starts 
with burning rates somewhere above 3000 lb of coal per nozzle 
per hr, and injection velocity as well as nozzle shape are con- 
tributory influences. 

Fig. 21 of this discussion illustrates three types of corner 
burners in three different installations, from which certain general 
deductions may be drawn, based on long experience with direct- 
firing a wide variety of coals. Burner (a) with two vertical coal 
nozzles, having a firing rate up to 6000 lb per nozzle per hr, 
causes acute wall-wastage trouble when adjusted to a large 
firing circle. Burner (6), with two coal nozzles almost square, 
having a firing rate up to 5000 lb per nozzle per hr, causes much 
less wall attack than the (a) type. Burner (c), with three hori- 
zontal rectangular coal nozzles, having a firing rate up to 3000 lb 
per nozzle per hr, causes no wall distress, regardless of the diame- 
ter of the firing circle. 

With burner and combustion conditions arranged to avoid a 
highly reducing atmosphere associated with wall distress, it be- 
comes possible to apply more heat to the walls, thus reducing 
cleaning labor requirements by lowering the gas temperature 
entering the tube banks or superheater.’ 

Information on the following questions by the authors would be 
of interest to operators: 

1 Duration of circulating-pump operation required after ex- 
tinguishing fire. 

8 Mechanical Plant Engineer, Consolidated Edison Company of 
New York, Inc., New York, N.Y. Mem. A.S.M.E. 
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2 Minimum practical submergence required on circulating- 
pump suction. 

3 Effect of smaller water storage or reduced accumulator ef- 
fect on pressure changes with rapid load swings. 
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(b) 
Fig. 21 Types or BuRNER OUTLETS 


M. K. Drewry.® Reliability, as the authors stress, is the 
principal determining factor of boiler-unit desirability. Whether 
this new type has inherently high reliability can only be proved 
by service experience. 

Heretofore, circulation passages in boiler units have always 
been kept large to prevent clogging by scale or other boiler-water 
solids. Whether all the */,s-in. holes of 20 times the total area of 
the 0.34-in. orifice will remain open more reliably than the un- 
guarded orifice seems in question. 

Thinner tubes are not entirely without demerit. External cor- 
rosion, not entirely unknown recently in furnace tubes, weakens 
small tubes faster than it does larger ones. For instance, 0.15-in. 
corrosion of a 3-in. tube may simply double its local stress without 
immediate distress, but equal corrosion of a 1!/,-in. tube can 
cause prompt rupture. 

Whether the industry is ready for acid cleaning of boiler tubes 
seems in question. That alternate mechanical and acid cleaning 
is necessary to remove some silica scales is understood. Further, 
the prevention of those scales is understood to be uncertain. 


Francis Hopcxinson.'® Forced circulation should, it seems, 
be a means of increasing heat-transfer rates in the evaporating 
surfaces and hence bring about a reduction of surface. 

From the data in the paper, it appears that with two of the 
circulation pumps operating, and assuming the pumps receive 
water approximating that of saturation, about 3.6 lb of water are 
circulated per lb of steam delivered. Forced circulation has been 
practiced in Europe for some time, where the ratio of water cir- 
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culation to steam has been greater; it is believed to be 6 to 8 
times in the case of Lamont and 10 to 20 times in the case of 
“Velox” practice. 

The writer’s discussion concerns the circulating-pump gland 
principally. From Fig. 7 of the paper, it is assumed the 
gland comprises three sets of labyrinths, having two lantern cham- 
bers connected to feed-pump elements. 

In the Loeffler system, as is well known, a circulating pump is 
also employed, but circulating saturated steam. In this case, the 
gland was a problem, having to be packed against 1900-psi satu- 
rated steam. Following some experiences, among which was that 
of sealing a labyrinth with oil of high viscosity, the method finally 
adopted was to employ labyrinths sealed with the superheated 
steam (about 930 F) delivered by the boiler. By this means, 
injury by erosion would be less, as compared with saturated 
steam. From observation of these pumps in operation, the glands 
are satisfactory. 

The energy of a pressure drop with steam is much greater than 
the same pressure drop with water, but the greater volume and 
limitation, because of critical velocity (sonic velocity) incidental 
to a vapor, restricts the weight of flow. 

It is to be expected that the weight of flow, in this case, would 
be about 10 times greater with water in the high-pressure laby- 
rinth than with superheated steam expanding to atmospheric 
pressure. On the other hand, the thermal loss, whatever its 
actual value may be, compared with the work the superheated 
steam could do in the turbine expanding to condenser pressure, 
would be about 9 times greater than with the water seal, but 
there would be little fear of erosion. 

It seems by no means certain that a bearing lubricated with 
water from the pump might be substituted for these labyrinths 
with reduction of overhang of the rotor, of cost, and of space. 
With ordinary bearing clearances, the flow and the loss could be 
made negligible. Of course bearing and journal must be made 
noncorrosive; the water would seem to be clean enough. 

Were the writer responsible for the operation of this unit, it 
would be his purpose to ask funds to set up an experimental bear- 
ing alongside the circulating pumps, operating with the same 
water, with the idea of perfecting such a bearing. 


J. C. Hopss."! I hesitate to discuss this paper because my 
attention is primarily absorbed by the manufacture of chemicals, 
particularly following an eminent scientist like Mr. Bailey who 
has given such a clean-cut analysis. Mr. Bailey, as you know, 
first determines the fundamental facts by means of scientific 
instruments and with an exact knowledge of the conditions ap- 
pears to be in the best possible position to determine whether 
mechanical or natural circulation is best suited for a particular in- 
stallation. This discussion is concerned with the question whether 
the pumps shall be mechanically or thermally driven. The latter 
have much the greater relikbility. 

I have wondered why Mr. Bailey did not emphasize one of 
the fundamentals, namely, that all successful natural-circulation 
boilers depend upon thermal pumps which have none of the 
three weaknesses of the mechanical-circulation boiler. These 
were enumerated by the authors in the paper under discussion, 
namely, shaft leakage, failure of auxiliary power, and pump fail- 
ure. Mr. Bailey did point out that the pounds of water per 
pound of steam in many of the natural-circulation boilers is al- 
ready several times as much as the 3.6 lb of water per lb of 
steam stated for this forced-circulation installation. The 2200- 
psi unit with which I am familiar has a water-steam ratio of about 
17 lb of water per lb of steam. 

1! Vice-President in Charge of Manufacturing, Diamond Alkali 


Company, Painesville, Ohio, and Engineering Consultant on ships of 
advanced technical design, U.S. Navy. Fellow A.S.M.E. 
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CLARK, ROSENCRANTS, ARMACOST—1825-LB-PRESSURE TOPPING UNIT 


There are many factors, of course, in the decision between 
mechanical and natural thermal circulation. In the great majority 
of cases, it is better to eliminate every possible source or cause of 
trouble. A large installation which depends for its successful 
continuous performance on factors of uncertain dependability 
will of course in time show a poorer performance than one in 
which all unreliable elements have been eliminated. 

The Society is of course very much indebted to the authors 
of this paper because of the contribution they have made to this 
new subject. 


G. FE. Moraan,"? The writer is impressed with the compara- 
tive simplicity and compactness of this interesting forced-circu- 
lation-boiler application, which may now be accepted as a stand- 
ard means of salvaging the investment in existing ‘“low-head” 
structures in connection with superposed installations. Not only 
are the steam temperature, pressure, and reheat feature within 
the established range of topping-unit practice but, perhaps more 
significant still, the final feedwater temperature at full load, 446 
degrees F, appears to fall almost directly on the median curve of 
generally accepted values. 

The obvious advantages inherent in the forced-circulation 
principle may well extend the present economic range of super- 
posed installations, since former restrictions on higher pressures 
arising from circulation difficulties may now be relaxed. The 
circulating pumps are not only free from complications in design, 
but in addition the power consumption (equivalent to only 0.3 
per cent of the steam generated) is strikingly low. However, 
this is natural, since the circulating pumps are required to effect 
an increase of but 50 psi over the suction pressure of 2000 psi. 


12 Head Steam Engineer, Tennessee Valley Authority, Knoxville, 
Tenn. Mem. A.S.M.E. 
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The authors state that experience indicates some advantage 
from less slag accumulation on the furnace walls with the rela- 
tively small and closely spaced tubes of the forced-circulation de- 
sign, and the resultant flatness of the interior surfaces of the fur- 
nace. With respect to this feature, it would be of interest to the 
writer to learn from operating experience any indication of a re- 
lation between the lesser slag accumulation on the furnace walls 
and the deposits beyond the furnace (requiring more soot or slag 
blowing) or emitted as fly ash from the stack. Operating records 
at Watts Bar point to the existence of some such relationship. 

The heat-balance diagram, Fig. 3 of the paper, indicates con- 
siderable improvement for the whole station over the heat rate 
for the older section of the plant and, of course, was taken into 
consideration in the studies for the new addition. While we ap- 
preciate that the paper was written with special reference to the 
forced-circulation boiler, it would also be of interest to have the 
authors say something further regarding the economics which led 


_to the selection of 1825 psi pressure for the superposed unit. 


The supplement to the paper relative to the operating record 
indicates no more than the usual “‘ironing out of wrinkles’ for a 
natural-circulation unit. The section of the supplement devoted 
to “Performance,” gives a heat-balance tabulation for the 425,- 
000-lb rating constructed from the various calculated losses which 
total 9.5 per cent, with the difference from 100 per cent represent- 
ing the efficiency of 90.50 per cent. The writer thinks that this con- 
struction may have the elements of some error, and an efficiency 
higher than justified in that no unaccounted-for losses are included. 
A figure commonly used for the unaccounted-for losses for a com- 
parable unit is 1'/2 per cent and with the modern combined slag- 
tap and dry-ash removal using sprays, the cooling or evaporation 
losses from both of which are difficult, if not impossible, to cal- 
culate, we think that even this 1!/2 per cent for unaccounted-for 
losses may be a trifle optimistic. 
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Mechanical Tests of Cellulose Acetate—III 


By W. N. FINDLEY,'! URBANA, ILL. 


Data are presented from additional mechanical tests of 
specimens taken from the same sheet of cellulose acetate 
for which tests have been reported in two previous papers 
by the author.’’ The tests were conducted in a labora- 
tory maintained at a constant temperature of 77 F and a 
relative humidity of 50 per cent: (1) Repeated bending 
(fatigue) tests were made at different speeds of testing and 
different ranges of stress, which demonstrate that both of 
these variables are important. The effect of different 
shapes of fatigue specimens (circular, square, and rec- 
tangular cross sections) on the endurance limit is also 
discussed. (2) Static compression tests of preconditioned 
specimens tested at intervals of time up to 10 months show 
the effect of initial moisture content and time on the yield 
point and the weight. (3) Static torsion, tension, and com- 
pression tests, conducted at the same rate of strain, indi- 
cate the effect of rate of strain and type of loading on the 
strength properties of the material. (4) Static tension 
tests of a specimen containing a transverse hole show the 
effect of a stress concentration on the tensile strength. 


HIS paper reports additional tests of a cellulose acetate 
for which tests have been reported in two previous 
papers.?:* The first paper reported static tension tests 
at a wide range of speeds of testing. It was shown that in- 
creasing the speed of testing increased the “static’’ strength of 
the acetate up to a certain point. Data showing the effect of 
stress on the time for fracture under a constant tension load were 
given, and fatigue tests with a repeated bending-type fatigue 
machine demonstrated the effect of notches upon the endurance 
limit, and also the effect of shape of specimen upon the endur- 
ance limit. Likewise the effect of stress on the temperature 
developed in the fatigue specimens was discussed. The second 
paper reported creep tests at constant temperature for several 
different stresses and indicated the relationship between stress 
and rate of creep. 

The present paper gives the results of additional tests on the 
same sheet of cellulose acetate. Static tests are presented to 
show the effect of initial moisture content on results of com- 
pression tests at various periods of time. Tension, compression, 
and torsion static tests at three different rates of strain provide 
data on the effect of rate of strain, and on the comparative 
properties of the material under these three loading conditions. 
The effect of a transverse hole on the results of the static tension 
test is also shown. Additional data are presented to show the 
effect of shape of specimen (circular, square, and rectangular in 
cross section) on the endurance limit and the effect of the tem- 
perature of the specimen on the endurance limit. In addition, 
the effect of speed of testing on the endurance limit is shown for 
a range of speeds, from 42 to 2900 rpm as well as the effect of 
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range of stress on the endurance limit. The last two variables 
mentioned are of particular importance, because material may 
be subjected to vibration at both very low and very high fre- 
quencies, so that a knowledge of its ability to resist vibration at 
these frequencies is important. Likewise, the range of stress 
is frequently not a complete reversal during the vibration of a 
member, so, in order to avoid failure, one should know whether 
the endurance limit for ranges of stress, other than complete 
reversal, is the same as for completely reversed cycles of stress. 

The purpose of this investigation was (1) to obtain as com- 
plete information as possible on the mechanical properties of 
cellulose acetate and (2) to evaluate the effect of certain vari- 
ables, such as speed of testing and others just mentioned, upon the 
results of mechanical tests. This latter type of information is 
needed in order properly to take account of such variables when 
setting up specifications for testing, and when designing members 
to resist loads under different conditions of speed, range of stress, 
etc. 

A study of the properties of cellulose acetate reported in this 
paper required the control during the tests of a number of vari- 
ables which are unimportant in the testing of metals under 
similar conditions. Among these were small changes in tem- 
perature and relative humidity, so that a special laboratory main- 
tained at constant temperature, 77 F, and relative humidity, 
50 per cent, were required for the tests. 

Many of these tests also required the development of special 
machines and instruments since available equipment was un- 
suited to tests of this material. 


MaTERIALS AND SPECIMENS 


The cellulose acetate for these tests was supplied by the Plas- 
ties Division of the Monsanto Chemical Company. The ma- 
terial was a clear, transparent thermoplastic composed of me- 
dium-viscosity cellulose acetate of the acetone-soluble type, 
plasticized with about 26 per cent of phthalate and aromatic 
phosphate-ester plasticizers. The Monsanto formulation num- 
ber was 2050 TV. 

All specimens used in these tests were cut from the same sheet 
of cellulose acetate which was used for the tests reported in the 
two previous papers. The sheet was 0.3 in. thick and was made 
by the sheeter process, at a molding temperature between 200 and 
250 F. The finished sheet contained less than 1 per cent of 
residual solvent and water and had a Rockwell hardness of 
about L 40 (at 77 F, 50 per cent relative humidity). 

Details of the specimens used are shown in Fig. 1. All speci- 
mens were machined with the longitudinal axis parallel to the 
short side of the original sheet. The specimens were cut from 
the sheet on a jig saw and then milled or turned, as the case 
might be, to the shape shown in Fig. 1. The machined edges 
were then smoothed by hand with No. 0000 emery paper in order 
to remove all burrs and scratches, leaving the final polishing 
marks parallel to the axis of the specimen. The compression 
specimens were not smoothed after machining, because of the 
fact that slight surface scratches would not affect the results, 
inasmuch as the material did not fracture under a compressive 
load. All specimens were conditioned by allowing them to 
remain in the atmosphere of the testing laboratory for a period 
of at least two weeks prior to the start of their tests, and they 
remained in the laboratory continuously thereafter. The lab- 


oratory was maintained at a constant temperature of 77+1 F, 
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and 50+2 per cent relative humidity continuously throughout 
the duration of the tests. 


Sratic Tests 


Effect of Initial Moisture Content. Fifty specimens were 
machined, as shown in Fig. 1 (a), from the ends of specimens 
used previously for fatigue tests. This portion of the fatigue 
specimen had not been damaged in any way by the fatigue tests. 
These specimens were given the following treatment: One half 
of them were immersed in water for a period of 48 hr, and then 
removed to a rack where they remained until tested. The other 
half were placed in a desiccator over anhydrous calcium chloride 
for a period of 48 hr and then removed and placed on a rack. 
Both groups of specimens were then stored at constant tempera- 
ture and relative humidity in the testing room for the duration 
of the tests. Two specimens from each group were set aside 
as control specimens, and the weight and length recorded both 
before conditioning and at intervals of time after the foregoing 
treatment. The remaining specimens were tested in compression 
at intervals for over a one-year period. One specimen was tested 
immediately after removal from the water bath, and another im- 
mediately after removal from the desiccator. The other 
specimens were tested at intervals in order to give a uniform dis- 
tribution of data when the test results were plotted against the 
logarithm of the time elapsed from the time of removal from the 
conditioning medium. All tests were run at a no-load head speed 
of 0.06 in. per min. This resulted in a rate of strain of about 
0.002 {min 

It was observed that a definite yield point in compression 
exists for cellulose acetate. This was determined by the fact 
that the load remained constant for a period of time during the 
test. Since fracture did not occur during the compression test, 
the yield point was used to measure the effect of moisture on the 
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strength of the material. In Fig. 2 the compressive yield point 
for these tests is plotted against the elapsed time. It was ob- 
served that a time of about 1'/,; months (1000 hr) was required 
for the compressive yield point to approach a stable value, and 
it is significant that the end point for both the moistened speci- 
mens and the dried specimens was nearly the same. Some scatter 
in this data was observed due in part to the fact that the air 
conditioning of the laboratory was interrupted for 4 or 5 hr on 
two or three occasions. 6 

In the lower part of Fig. 2 is shown the average specific weight 
of the two control specimens, plotted against the lapse of time. 
These control specimens were weighed and measured at the 
same time that tests of the other specimens were made. The 
data, shown in Fig. 2, indicate that a time of about one month 
was required for the specific weight to return to the value which 
was obtained before the conditioning was started. No explanation 
is offered for the fact that the specific weight of the initially 
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dry specimens decreased after 7000 hr, unless perhaps the speci- 
men was losing piasticizer. 

No appreciable change in length of the specimens was ob- 
served as a result of the treatment described. The wet speci- 
mens decreased about 0.4 per cent in length during the testing 
period, while no measurable change in length of the dried speci- 
mens was observed. 

Effect of Rate of Strain on Tension, Compression, and Torsion 
Tests. Static tension, compression, and torsion tests were per- 
formed at about the same time on specimens, as shown in Fig. 
1(c), 1(b), 1(e). These tests were performed in a universal 
testing machine, illustrated in Figs. 3 and 4. This machine was 
used for tension, compression, and torsion tests. It was a 
single-screw machine of 1500 lb capacity, arranged with pendu- 
lum weighing and equipped with a device for semiautographic 
recording of load-deformation curves. The machine was 
equipped for variable speed by means of a series of V-belt drives. 
For the tension tests, Templin wedge grips were used to hold 
the specimens. The compression tests were performed with a 
compression tool, Fig. 3. This tool was used in order to avoid 
the possibility of eccentric loading of the compression specimens. 
In this instrument, the specimen A, Fig. 3, was compressed 
between the upper platen B and the cylinder C. The cylinder 
was guided in the yoke D, so that the face of the cylinder was 
always parallel to the upper platen. Thus, if precautions are 
taken to machine the specimen ends parallel, and center. the 
specimens on the cylinder, the amount of eccentric loading 
should be neglible. 

These compression tests were made on specimens 2 in. long 
and about 0.3 in. diam, so the 1/r ratio‘ was about 27. This 
length of specimen was necessary in order to accommodate the 
compressometer. The compressometer had a gage length of 
1 in. and consisted of a 1 to 1 lever to which was attached a 1- 
thousandth dial. The instrument was attached to the specimen 
by means of pointed screws on opposite sides of the speci- 
mens, so that the strain measured was the average strain in the 
specimen. Compression tests performed on the 2-in. specimen 
were used to determine the modulus of elasticity and shape of 
the stress-strain diagram in compression. A still longer specimen 
would be desirable to increase the accuracy of strain measure- 
ment. The effect of buckling would, however, become more 
serious with longer specimens. In order to obtain the values of 
compressive yield strength, a shorter specimen, about 0.9 in. 
in length, was used as discussed in the previous article. The //r 


‘ The ratio l/r refers to the ratio of the length of the specimen to the 
radius of gyration of the cross section of the specimen. 
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ratio* for the short specimen was about 12. The yield point ob- 
served with the short specimens was 4900 psi at a rate of strain 
of about 0.002 [min]~!. 

It was necessary to design and build special apparatus for 
torsion testing of plastics because machines of low capacity were 
not available. The apparatus used is shown in Fig. 4. The 
pendulum-weighing system of the tension-testing machine was 
used as the torque-measuring device for the torsion machine. 
This was accomplished by attaching to the tension machine a 
twisting head A, Fig. 4, driven by a double worm drive. A 
special chuck B was attached to the shaft of this twisting head, 
and another chuck C to the axis of the pendulum D. These 
chucks were designed to apply a torque to the specimen with 
little danger of bending the specimen at the same time. This 
was accomplished by mounting the specimen on centers and 
applying the torque as a couple by means of adjustable screws. 

The gage used for measuring the shearing strain is shown in 
Fig. 5. It was designed to accommodate materials whose ul- 
timate shearing strain was relatively small, and also materials 
which might twist 2 or 3 revolutions in a length of 2 in. The 
instrument consisted of two rings A, Fig. 5, which were slipped 
over the specimen and fastened to it by three adjusting screws in 
each ring. A gage length of 2 in. was obtained by the use of a 
removable spacer B. To one of the rings was fastened a circular 
seale C, for measuring large angles of twist. Two 10-in. arms D 
fastened to the same ring carried scales on the end which were 
used in measuring small shearing strains. Adjustable pointers 
E were attached to the other ring in such a way as to indicate 
the readings on their respective scales. Unfortunately, material 
available for these tests allowed machining of torsion specimens 
only 0.3 in. in diam, so that some bending of the specimen re- 
sulted from the weight of the detrusion gage. However, 
the effect of this bending probably did not seriously affect the 
results of the test. 

Torsion tests differ from tension and compression tests in two 
important respects; in respect to the state of stress developed, 
and in respect to the stress gradient. The state of stress may 
—_ i.e., the ratio of the 

Tmax 

maximum tensile stress to the maximum shearing stress at a 
point in the stressed member. In a tension member this ratio 
is 2, while in a torsion member it is 1. Thus it may be that 
some materials will behave much differently in the two tests. 
The stress gradient is a measure of the distribution of stress 
over the cross section of a member. It has a value of 0 in a 
tension member but can never be zero in a torsion member. 
The magnitude of the stress gradient in a torsion member de- 
pends upon the stress and the size of the member. The meas- 
ured strength of a material may be influenced by the stress 
gradient so that different results may be obtained from the ten- 
sion test than from the torsion test. 

Results of Tension Tests. The tension tests were performed 
at three different head speeds ranging from 0.021 to 0.32 in. per 
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The rate of strain for these tests was determined from strain- 
versus-time curves, such as shown in Fig. 7, and was computed 
from the slope of the strain-time curve in the portion of the 
curve corresponding to the linear portion of the stress-strain 
curve. It was noticed that the rate of strain was not constant 
but consisted of three fairly distinct but separate straight lines. 
This change in the rate of strain during a test was due in part to 
the elasticity of the testing machine.? 

Results of Compression Tests. Compression tests were run 
at head speeds from 0.008 to 0.13 in. per min. During each test, 
readings of load, deformation, and time were taken. From these 
data, the stress and strain were computed using, as before, the 
original cross-sectional area in computing the stress. The 
stress was plotted against the strain in Fig. 8, for three com- 
pression tests at rates of strain approximately the same as those 
used in the tension test. It was observed in these tests that the 
modulus of elasticity, as previously defined, was not the same for 
all rates of strain but increased from 204,000 psi at the lowest 
rate of strain to a value of 278,000 psi at the higher rate of strain, 
which was about 10 times as fast as the first rate of strain. The 
yield point observed in these tests increased with the rate of 
strain, from a value of 3400 to 4300 psi. The rate of strain for 
the compression tests was determined from strain-time diagrams, 
similar to that shown in Fig. 7, and the rate of strain was deter- 
mined in the same way. The strain-time diagrams for com- 
pression tests were similar to those for tension, except that the 


06 test data were not obtained much beyond the yield point. 
re Results of Torsion Tests. Torsion tests were performed at 
1 three different head speeds, ranging from 0.017 to 0.33 rpm. 
05 pee 
wr During these tests, simultaneous readings of torque, angle of 
i twist, and time were taken. The shearing stress at the surface 
— yt of the cylindrical specimen was computed from the equation 
© Tc 
a0 3 y, T=- 7 and the shearing strain was computed from the relation- 
fo ship y = T It is recognized that the equation used for r does 
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min. During the tests, readings of load, deformation, and time z Fi >, 
were taken. From these readings, the values of stress and a. on) » 
strain were computed, using the original cross-sectional area for 2 ff 
computation of stress. Fig. 6 shows the tensile stress plotted — / 
against tensile strain for these three tests. It is evident that Pe ; Va , 
the higher rates of strain produced higher values of stress in the = 
region beyond the proportional limit. This was in accordance & fH 
with observations previously reported.? E 2000 
It was apparent from the diagrams plotted to an enlarged 8 
strain scale that the modulus of elasticity was the same for all 
three rates of strain. In this paper, the modulus of elasticity is 
designated as the ratio of stress to strain at the initial portion ——- “A Tensile 
of the curve and is measured as the slope of the initial straight- 1000 Cee Ss Rate of a 
in Compression Strain 
line portion of the curve. The value obtained in the tension *-278,000 psi 0 026( 
test was 244,000 psi. The upper yield point was designated °-24/,000 - 00061 + | 
as the stress corresponding to position A, Fig. 6. The upper °-204,000 0.0025 - 
yield point varied from about 3500 psi at a rate of strain of 0.0016 Age 1,100 hrs 
[min]! to 4400 psi for a rate of strain of 0.04 [min]~'. The 0 a0' 002 003 004 00S 


lower yield point B, Fig. 6, ranged from 3200 to 3800 psi and the 
fracture stress ranged from 4500 to 5500 psi for the same rates 


of strain as given previously. 
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tional limit. However, for comparison of the relative strength 
of the material under different conditions, the equation is suffi- 
ciently exact. 

The shearing stress, as just discussed, plotted against the 
shearing strain is shown in Fig. 9, for three different rates of 
strain. The shearing modulus of elasticity was found to be the 
same for all three rates of strain and had a value of 78,300 psi. 
The values of shearing stress increased with the rate of strain, 
just as observed in the tension and compression tests. The 
upper yield point A, Fig. 9, increased from about 2600 to 3300 
psi, with increase in rate of strain; the lower yield point in- 
creased from about 2500 to 3000 psi; and the torsional modulus 
of rupture increased from 4300 to 4900 psi. 
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The rates of strain were determined from strain-time diagrams, 
as shown in Fig. 10, and were computed from the slope of the 
curve which obtained during the linear portion of the stress- 
strain curve. In order to compare values of shearing strength 
with values of tensile and compressive strength, equivalent rates 
of strain should be used for all tests. To accomplish this, the 
rate of tensile strain was kept the same for all three types of 
tests. The maximum tensile stress occurring in a torsion mem- 
ber is equal to the maximum shearing stress, so that the tensile 
rate of strain can be computed from the shearing rate of strain 
by the relation 


4 


R where is the tensile rate of strain; , 38 


G. 
the shearing rate of strain; and — is the ratio of shearing modulus 


to tensile modulus. It was decided to use equal tensile rates of 
strain rather than equal shear rates of strain, because the material 
fractured along planes of maximum tensile stress under the con- 
ditions of loading studied. 

Comparison of Results of Tension, Compression, and Torsion 
Tests. A comparison of the results of the three different tests 
shows that the upper yield point in tension and the yield point in 
compression (long specimen) were approximately the same. 
However, the yield point obtained with the short compression 
specimen was about 40 per cent higher than the upper yield point 
in'tension. The upper yield point in torsion was about 75 per 
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cent of that for tension. In the compression test, no difference 
was observed between upper and lower yield points. The 
difference between upper and lower yield points in torsion was 
much less than that in tension. The total strain required to 
rupture a specimen in torsion was 50 per cent greater than that 
required to rupture a tensile member, whereas for compression, 
rupture did not occur at ail for very large strains. 

A considerable ductility of material was shown in all tests, as 
evidenced by maximum strains of the order of 40 to 50 per cent 
in tension. However, the fractures were those characteristic of 
brittle material, as usually considered from the standpoint of 
metals; that is, fracture occurred as a result of separation along 
the plane of maximum tensile stress, a plane perpendicular to the 
axis of the tensile specimen, and a 45-deg helix in the torsion 
specimen; and there was no evidence of local “necking-down”’ 
in the tension specimen. The modulus of elasticity in tension 
was about equal to the average modulus of elasticity observed 
in the compression tests, and the modulus of elasticity in shear 
was about !/; of that of the tensile modulus. 

Poisson’s Ratio. No tests were made to determine Poisson’s 
ratio u by direct measurement, and the values of modulus of 
elasticity in tension and in shear were not accurate enough to 
calculate Poisson’s ratio from elastic theory with good precision. 
However, the following results were obtained: The elastic theory 


gives the relation 
E 
= {——1 


where F is the modulus of elasticity in tension (or compression) 
and G is the modulus of elasticity in shear. The value of » was 
about 0.53 to 0.56, depending upon whether the modulus F 
was obtained from the compression or the tension test. This 
value is slightly larger than the theoretical maximum value '/». 
Aging. A comparison of the results of the tension tests re- 
ported herein with the tests reported in the first paper,’ for the 
same material, shows that the strength of the material has 
increased with age. The age of specimens at the time of tests 
reported in the first paper was about 2000 hr (measured from 
the start of the investigation), and the age at the time of the 
tension tests reported in this paper was about 11,000 hr. During 
this time interval of 9000 hr, the upper and lower yield points 
increased about 4 per cent at a rate of strain of 0.0016 [min] 
and about 8 per cent at a rate of strain of 0.04 [min]~!. The 
fracture stress increased about 12 per cent for both speeds, and 
the strain at fracture increased about 4 per cent. An increase in 
the modulus of elasticity of about 15 per cent was also observed. 
Effect of a Transverse Hole on Tension Test. Tensile specimens 
containing a circular transverse hole, 0.082 in. in diam, as shown 
in Fig. 1(d), were tested in tension to determine whether the 
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tensile properties of the material would be affected by the 
stress concentration or the stress gradient resulting from the 
hole. 

Specimens were tested at three different head speeds which 
resulted in rates of strain (measured over a 2-in. gage length) 
equal to the rates of strain used in the tension tests described. 
Readings of load, deformation, and time were taken throughout 
the tests and, from these data, the rate of strain in a 2-in. gage 
length and the average stress at fracture were determined. The 
stress-strain diagram for the specimens with the hole differed from 
that for the solid specimens in that no yield point was observed. 
The load increased gradually to a maximum value at which frac- 
ture took place. The total extension of specimens with a hole (as 
measured over a 2-in. gage length) was only about 8 per cent of 
the elongation of the solid specimens. The ultimate strength was 
computed by dividing the maximum load by the net cross- 
sectional area at the hole. At a rate of strain of 0.04 [min]~, 
the ultimate strength was 5090 psi. At a rate of strain of 0.0077 
{min ]~?, the ultimate strength was 4350 psi. At a rate of strain 
of 0.0016 [min]~!, the ultimate strength was 3920 psi. 

As in the case of tests reported in the previous paper,? the effect 
of increasing the rate of strain was to increase the ultimate 
strength. The corresponding values of ultimate strength for 
unnotched specimens were 5520 psi, 5000 psi, and 4490 psi, 
respectively. Comparing these values with the values for the 
specimens containing holes, it is evident that the hole resulted 
in a decrease in ultimate strength of 8 to 13 per cent. The cause 
of this decrease may possibly be explained as follows: 

It was shown in the previous paper? that the fracture in a 
tension test occurred on a plane at right angles to the axis of the 
specimen. Thus, failure resulted from separation of the material 
under a tensile stress, starting usually by a small fissure at the 
surface of the material. In tests of the specimen with the 
transverse hole, it was observed that all of the plastic deformation 
occurred in two wedge-shaped areas starting at the hole and 
spreading fanwise to the sides of the specimen. Under this 
condition, the deformation was approximately uniformly dis- 
tributed over the cross section of the solid portion of the specimen, 
so that the total axial strain adjacent to the hole was much 
greater than that at the sides of the specimen, where the amount 
of plastically deformed material was the greatest. Thus the 
stress distribution was not uniform during plastic extension at the 
cross section containing the hole, i.e., the stress gradient was not 
zero. Stresses were much higher near the hole than at the sides. 
Since failure occurred by a crack starting at the hole and spread- 
ing rapidly when once formed, it might be concluded that the 
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average stress at the time a crack started in the specimen with 
the hole was less than the average stress which caused a crack to 
start in the unnotched specimen. Thus, the ultimate strength of 
the notched specimen would be less than the ultimate strength 
of an unnotched specimen. 


Faticuge Tests 


Fatigue tests were conducted on repeated-constant-deflection- 
type fatigue machines. These machines were equipped with 
a V-belt drive to provide variable speed, as shown in Fig. 11. 
In this type of machine, the specimen A was repeatedly bent 
back and forth as a cantilever beam by the variable eccentric B. 
Both horizontal and vertical adjustment of the relative position 
of the spindle of the machine and the specimen vise was provided 
to allow a variety of different tests. 

The method of conducting tests was as discussed in A.S,T.M. 
Designation D 671-42T.° In all cases, the stress in the specimen 


was computed from the equation ¢ = The bending moment 


c 

M was obtained for most of the tests by calibration of the speci- 
men as a beam by means of dead weights. The deflection of 
the specimen under load was measured by means of a dial gage. 
In a few of the tests, a dynamometer C, Fig. 11, was used for 
measuring the bending moment. The number of cycles to 
which the specimen was subjected was recorded on a counter D, 
Fig. 11, and a toggle switch was arranged to stop the machine 
when the specimen fractured. Thus, for each specimen placed 
in the machine, the stress corresponding to the deflection of the 
specimen during the test was calculated from the bending moment 
measured while the machine was at rest, and the number of 
cycles for fracture was obtained. These data were then plotted 
with stress as ordinates, and number of cycles as abscissa using 
semilogarithmic plotting. For the cellulose acetate a well- 
defined endurance limit was found. 


5 “A.S.T.M. Tentative Method of Repeated Flexural Stress (I3- 
tigue) Test of Plastics,” A.S.T.M. Standards, Part III, 1943, p- 
1251. This method was prepared by Section C on fatigue and 
repeated impact tests of plastics, of which the author was chairman 
and was based, in part, on experience gained by tests reported hereim. 
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Effect of Shape and Age of Specimen. In Fig. 12, o—N (stress 
versus cycles) diagrams are plotted for tests of specimens having 
several shapes: curve 1, a circular cross-section specimen shown 
in Fig. 1(k); curve 7, a rectangular specimen, Fig. 1(f); curve 6, 
a square specimen, Fig. 1(g) of 7/s in. radius; and curve 4, a 
square cross section of 2 in. radius. The endurance limit for 
these tests is shown in the third column of Table 1. 

It was found by retests of the same material after a lapse of time 
of 1 year and 3 months that the endurance limit increased with 
the age of the material. The o—N diagram for specimens aged 
11,000 hr is shown in curve 2, Fig. 12. Comparing this endur- 
ance limit, 1380 psi, with the endurance limit, 1100 psi, for the 
same shape specimen tested 11,000 hr earlier, it was found that 
the endurance limit of the material had increased about 25 per 
cent in 11,000 hr (about 15 months). 

In order to compare data obtained at different periods of time, 
the endurance limit for the several shapes tested was adjusted 
approximately to the value which was obtained at an age of 
11,000 hr (measured from the time of the original test). The 
adjustment was made on the assumption that the change of en- 
durance limit with time was nearly a linear function during the 


TABLE 1 


ENDURANCE LIMITS FOR 


SPECIMENS 
End limit 


DIFFERENT SHAPED 


Curve (as obtained), Age, End limit at age,@ 
no. Specimen psi hr 11000 hr, psi 
1 Circular, 1450 1400 1760 
Fig. 
2 Rect. aged, 1380 11000 1380 
Fig. 1(f) 
3 Const. temp, 1350 4400 1540 
Fig. 
4 Square 2-in. rad, 1250 3600 1440 
Fig. 
5 Machined, 1175 2000 1410 
Fig. 1(/) 
6 Square 7/s-in. rad, 1120 1800 1350 
Fig. 
7 Rectangular, 1100 0 1380 
Fig. 1(/) 
4 These values were obtained by correcting all endurance limits to the . 


value which would be found if tested at an age of 11,000 hr. The correction 
was based on an assumption that the endurance limit increased linearly with 
time. The rate of increase was found from curves 2 and 7. 
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time interval considered. The age as just defined for each set 
of tests is shown in column 4 of Table 1, and the endurance limit 
adjusted to an age of 11,000 hr is shown in column 5. Compar- 
ing different shapes of specimens by means of column 5, it was 
found that the square specimen with 7/s-in. radius had nearly 
the same endurance limit as the rectangular. The square 
specimen with 2 in. radius had a slightly higher endurance limit, 
an increase of about 4 per cent, whereas the circular cross-section 
specimen had an endurance limit markedly higher than either 
of the other two shapes, showing an increase of about 27 per cent 
over the endurance limit for the rectangular specimen. The 
reason for this is not known. A similar effect has been observed 
in some metals and not in others. It may be associated, in part, 
with the quantity of material subjected to high stress, com- 
pared to the quantity of material immediately adjacent to high- 
stress material which is available to receive additional stress, re- 
sulting from the redistribution of stress after a minute crack has 
formed. 

Effect of Molded Surface. In order to determine the effect of 
the molded surface on the endurance limit of cellulose acetate, 
about 0.025 in. was removed from both surfaces of rectangular 
specimens, Fig. 1(f). The o—N diagram obtained for these speci- 
mens is shown as curve 5, Fig. 12. It was found that the 
endurance limit, adjusted to an age of 11,000 hr, was about 2 per 
cent higher for the machined surface than for the molded sur- 
face (see Table 1, column 5). Apparently the molded surface 
has very little effect on the fatigue strength. 

Effect of Specimen Temperature. In the first paper on cellulose 
acetate,? it was shown that the temperature of the specimen dur- 
ing a fatigue test was a few degrees above room temperature. It 
was also shown that a blast of air from a low-pressure high- 
velocity fan would reduce the specimen temperature nearly to 
room temperature. An endurance limit was obtained with 
specimens tested under an air blast of about 2500 fpm, under 
which conditions the temperature of the specimen as measured 
by a thermocouple taped to the top of the specimen was less 
than 1 deg above room temperature. The o—N diagram for 
these tests is shown as curve 3, Fig. 12, for a square specimen, 
Fig. 1(g). The endurance limit for this test adjusted to age at 
11,000 hr was about 14 per cent higher than the corresponding 
endurance limit obtained in still air (see Table 1, column 5). 

Effect of Speed of Testing. Five different endurance limits 
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were obtained at various speeds of testing, ranging from a fre- 
quency of 42 cycles per min to a frequency of 2900 cycles per min. 
The o—N diagrams for these tests are shown in Fig. 13. It will 
be appreciated that tests at 42 cycles per min require an ex- 
tremely long time to complete. The endurance limit of curve 
8 is not quite as well defined as for the other curves in this 
series. 

Fig. 14 shows the effect of frequency on the endurance limit. 
In this curve, the endurance limit is plotted against the test 
frequency. The circles represent the actual value of the en- 
durance limit as obtained. The square-plotted points represent 
the data corrected for the effect of aging on the basis of linear 
variation of endurance limit with time. For this series of tests, 
the age effect was determined from a different set of tests than 
in the former. Curve 11, Fig. 13, having an age of 8000 hr cor- 
responds with curve 4, Fig. 12, at an age of 3600 hr. 

The effect of age, as obtained from this set of tests, does not 
agree exactly with the effect of age in the previous tests. This 
may be due in part to the fact that humidity control of the 
laboratory was interrupted for a short time during the time in- 
terval covered by the first tests, or the difference may indicate 
that the effect of aging is not a linear function of time. The 
square-plotted points, shown in Fig. 14, represent the data 
adjusted to an age of 11,000 hr. It was found that the endurance 
limit markedly decreased with increasing testing frequency 
up to a frequency of about 750 cycles per min. From there on to 
a frequency of 2900 cycles per min (the extent of tests reported) 
the endurance limit remained substantially constant. Thus for 
low frequency the magnitude of the frequency has an appreciable 
effect upon the endurance limit, but above 750 cycles per min, 
the endurance limit is unaffected by change in frequency. The 
effect may in part be due to relaxation of stress during each cycle 
as a result of creep at the low frequencies of testing. 

Effect of Range of Stress. All of the endurance limits mentioned 
were obtained for completely reversed stress cycles. It was 
known that the resistance to repeated loading of some materials 
was influenced by the range of stress, so that it seemed desirable 
to study the effect of this variable. In this paper, range of 
stress will be defined in terms of two quantities. A cycle 
of stress may be resolved into two components, a constant or 
“mean” value of bending stress and an “alternating” stress 
o,, Which is superimposed on the mean stress. 

For the previous set of tests, the mean stress was zero, and the 
endurance limit was the magnitude of the maximum alternating 
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stress which would not cause fracture after a large number of 
cycles. When the mean stress is not zero, the corresponding 
value of maximum alternating stress ¢,, which will not cause 
fracture, is here defined as the endurance limit of the material 
for that value of the mean stress. In Fig. 15, the maximum 
stress of the stress cycle for various values of the minimum stress 
of the cycle is plotted against the number of cycles required to 
cause fracture. The maximum stress was found to increase 
with increase in mean stress. However, when the endurance 
limit was plotted against the mean stress for different ranges of 
stress, the diagram, Fig. 16, was obtained. Fig. 16 shows that 
the endurance limit decreases with an increase in the mean stress 
of the cycle, when the mean stress is a tension stress. The ranges 
of stress shown are for tension mean stress, since it was found 
that the fatigue fracture originated on the tension side of the 
specimen. 

It was found that, during the test of a specimen, the mean stress 
of the cycle decreased very rapidly during the first million cycles 
of the test (at a speed of 1750 cycles per min). Thereafter, the 
mean stress decreased very slightly with increase in number of 
cycles. This decrease in meart stress was due to relaxation as 
result of creep under the action of the mean stress. In order 
to evaluate the effect of this relaxation on the diagram, Fig. 1. 
the value of alternating stress and mean stress, which obtained 
at 1,000,000 cycles, was plotted as open circles in Fig. 16. It 
was found that the relaxation of stress did not materially affect 
the endurance-limit-versus-mean-stress diagram. It should be 
mentioned that data, plotted in Fig. 16, were adjusted to an age 
of 11,000 hr. 


SUMMARY AND CONCLUSIONS 


The following conclusions may be drawn from tests of cellulose 
acetate, conducted in a room maintained at a constant tempera- 
ture of 77 F and constant relative humidity of 50 per cent. 

1 A time of about 1'/. months was required for the com- 
pressive yield point and the weight to approach equilibrium in an 
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atmosphere of constant temperature and relative humidity. 

2 The yield point and fracture stress were found to increase 
with increasing rate of strain for tests in tension, compression, and 
torsion. 

3 The modulus of elasticity in tension and torsion was 
found to be independent of the rate of strain for the values tested, 
but the modulus in compression was found to increase with in- 
creasing rate of strain for loading in compression. The following 
values of modulus were found: tension, EF = 244,000 psi; 
torsion, G = 78,000 psi; compression, F varied from 204,000 to 
278,000 psi. 

4 Ata tensile rate of strain of 0.04 in. per in. per min, the 
values of upper yield point were: tension 4400 psi; torsion 3300 
psi; compression (long specimen) 4300 psi. The fracture stress 
was: tension 5500 psi; torsion (modulus of rupture) 4900 psi. 

5 Aging of the material at constant temperature and relative 
humidity was found to increase the tensile strength about 4 to 12 
per cent, and the modulus of elasticity in tension about 15 per 
cent during a time of about 1 year. 

6 A transverse hole in a static-tension specimen was found to 
reduce the ultimate elongation in 2 in. to about 8 per cent of the 
elongation in a solid specimen. The ultimate strength (based on 


the net area) was found to be about 10 per cent less for a specimen 
with a hole than for the solid specimen. 


7 Fatigue tests indicated that the endurance limit, obtained 
by computing stress from the flexure formula, varied with the 
shape of the specimen. 

8 Aging of the material was found to increase the endurance 
limit about 25 per cent in a period of 15 months. 

9 The endurance limit of the material was found to be de- 


487 


creased by the rise in temperature of the specimen resulting from 
internal friction. 

10 The speed of testing was found to affect the endurance 
limit of the material. The endurance limit decreased with in- 
creasing testing frequency up to 750 cycles per min. From there 
on to 2900 cycles per min, the endurance limit was constant. 

11 A change in the range of stress was found to cause a de- 
crease in the endurance limit (defined in terms of the alternating 
component of the stress cycle), as the mean stress of the cycle 
becomes larger for values of mean stress in tension. 
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The Holding Power and Hydraulic Tightness 


of Expanded Tube Joints: 


Analysis of 


the Stress and Deformation 


By J. N. GOODIER! ano G. J. SCHOESSOW? 


The expanding process used for making the tubes of 
boilers tight and in other applications is idealized to form 
a problem in the theory of plasticity. This problem is 
solved in order to find out how far the factors taken into 
account in this theory are adequate to explain the results 
obtained in tests, mainly those reported in the companion 
paper of Grimison and Lee (19).* The pressure left be- 
tween the tube and plate or seat, which gives it tightness 
and contributes to its strength, is the principal object of 
calculation. Its variations with the yield stresses of tube 
and plate material, with degree of expanding, and with the 
thickness of the plate, are obtained in graphical form. 
Numerical comparison with tests is made for six joints, 
with fair agreement in five, the theoretical values being 
within 12 per cent. All are on the low side, and this is to 
be expected from the fact that the theory disregards strain- 
hardening, stress in the direction of the tube axis, and 
possible differences between expanding by a three-roller 
tool and expanding by uniform pressure within the tube. 


INTRODUCTION 


F the end of a tube is inserted loosely into a hole in a plate 
(Fig. 1) and is then plastically expanded by internal pressure, 
removal of the pressure leaves the tube bearing tightly against 
the plate, and the result is called an expanded tube joint. This 
process is used in the construction of water-tube boilers. The 
joint must not only be tight against leakage but must have struc- 
tural strength, to contribute to the support of dead load and to 
resist the stresses and strains of temperature changes. The 
tightness against leakage will evidently depend upon the surface 
conditions of the tube end and the plate hole, the uniformity of 
the expanding process, and the residual radial pressure left be- 
tween tube and plate. The structural resistance to tension, tor- 
sion, and bending depends upon the friction in the joint. This in 
turn depends upon the surfaces and upon the residual radial pres- 
sure. The discussion of this pressure is the principal object of 
the present paper. One form of expanding tool, in which three 
rolls are pressed against the inner tube surface and travel 
around it, is illustrated in Fig. 2. Part 5 is a flaring roll to turn 
over the end of the tube. 
It will be seen that the expanded joint resembles the shrink fit, 
or rather the expansion fit, where the slightly oversize tube would 
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be chilled, inserted in the hole, and allowed to expand against the 
plate by warming up. In the expanded joint, the “oversize” of 
the tube is produced by the internal forces after the tube has been 


inserted. Whereas the shrink or expansion fit is normally such 
go 
Fig. Expanpinc PLasticaLLy BY INTERNAL PRESSURE 
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that only elastic stresses are produced, and the oversize of the 
tube is under immediate control, the expanded joint on the other 
hand necessitates plastic stresses, at least in the tube, and the 
effective ‘oversize’ produced is not under immediate control. 
In seeking to understand how an effective oversize of the tube 
is created by the expanding process, it may be helpful to consider 
a strip of tube material confined in a perfectly rigid frame, Fig. 
3(a), and subjected to the action of a single roll. The material 
under the roll, which is yielding plastically, ten's to extend 
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longitudinally and laterally. It is able to extend somewhat longi- 
tudinally by putting the remainder of the strip under elastic 
compression. If the roller is now removed, some of this compres- 
sive stress remains, the element under the roll retaining some 
permanent set. The rolling process may be imagined as the 
repetition of this process on the different elements. 


ROLLER TUBE MATERIAL 
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Fic. How EFFrective Oversize or TuBE 
CREATED BY EXPANDING 


(a, Model to illustrate roll expanding; 6, model to illustrate uniform- 
pressure expanding.) 


When the strip, instead of being straight, is curved up into a 
circle, retain’ .g its rigid backing, we have the case of a tube in a 
rigid plate. The residual longitudinal stress becomes a residual 
circumferential stress requiring a residual radial pressure for 
equilibrium. 

If, instead of the roll, we have a uniform pressure, Fig. 3(b). 
only lateral, not longitudinal, extension is possible, and this condi- 
tion is unfavorable for the development of a longitudinal residual 
stress. However, when the pressure is applied within a circular 
hole in a plate, it is possible to have permanent set created in a 
ring zone surrounding the bole. If the whole plate is elastic 
under the pressure, the radial and circumferential strains would 
be equal in magnitude but opposite in sign at any point, and both 
decrease outward. If the pressure is increased, these strains 
near the hole begin to exceed those elastically possible, and in the 
zone where this occurs there will be permanent set. 

In the actual rolling, the pressure on the rolls gradually in- 
creases and the rolls make several circuits. From the first there- 
fore an all-around pressure between tube and plate is being 
gradually built up, in virtue of the all-round permanent expan- 
sion of the tube already established. At any stage there is 
combined with this the local stresses created by the rolls wherever 
they happen to be. These localized stresses are absent in uni- 
form-pressure expanding. The differences are well illustrated by 
Figs. 4(a), (b) from a paper by Thum and Jantscha (10), showing 
the patterns of slip lines in the two cases. In Fig. 4(b), owing to 
uniform pressure, only the well-known spiral system of slip lines 
appears. In Fig. 4(a), due to a roll expander, similar slip lines 
appear but accompanied by a narrow inner blackened zone, which 
is evidently a ring succession of zones of localized contact stress 
under a roll—the plastic zone of Fig. 3(a) repeated all around 
the ring. 


ANALYsIs OF Stress DuRING AND AFTER EXPANDING 


Some knowledge of the state of stress both during and after 
expanding is essential not only for an understanding of the ex- 
panding process but also for the consideration of the plate under 
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service stresses. The favorable circumstance that the strains 
created in expanding are not or rather do not need to be large, 
makes the problem an appropriate one for analysis by the mathe- 
matical theory of plasticity, ignoring rise of stress beyond the 
yield point. Typical physical characteristics of tube and plate 
materials and measurements of the strains are given in the paper 
of Grimison and Lee (19). 

Only the results are given in this section. Derivations will be 
found in the Appendix. 

It is necessary for reasons of mathematical difficulty to restrict 
the calculations to joints made by uniform internal pressure, as 
in some of the tests of Jantscha (11). Jantscha found, however, 
that the joints thus made were as good as his rolled joints. The 
differences between the stresses produced by the two methods 
have already been discussed qualitatively. 

The law of plastic flow adopted is that of constant strain energy 
of shear (von Mises-Hencky hypothesis). The stress parallel to 
the axis of the tube is taken as zero (plane stress). The other ex- 
treme case, that of zero axial strain (plane strain), was also in- 
vestigated, but the stress curves were not much different.‘ 


Fic. 4 Patterns or Suip Lines ExPpANDED TUBES 


[a (upper) Caused by roller expander; 6 (lower) caused by uniform 
pressure. ] 


Conditions are taken as uniform through the plate thickness. 

We consider first the simplest case, where there is no clearance 
and tube and plate are of the same material. They can then be 
treated as one piece of metal, i.e., an infinite plate with a hole of 
diameter equal to the inner tube diameter. When pressure is 
applied to the inside of this hole, the stress distribution is at first 
elastic, but plastic flow begins at the hole, when the pressure 
reaches 8/+/3, where 8 is the yield stress in simple tension. As 
the pressure is increased beyond this, the plastic zone spreads out 
from the hole, but under the assumption of plane stress, this does 
not continue indefinitely. When the radius of the plastic zone 
has reached 1.75 times the radius of the hole, and the pressure the 


‘ Plane strain, however, does not set a limit to the pressure attain 
ble in the hole, whereas in plane stress, this limit governs the maxi 
mum residual pressure. 
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corresponding values 280/+/3 or 1.15 8, both cease to increase. 
Any attempt to increase the pressure further is defeated, in the 
idealized material, by axial extrusion. It seems entirely probable 
that a similar situation exists for the actual material. 

Records of tests by The Babcock & Wilcox Company on 3'/,-in- 
OD tubes of thicknesses 0.17, 0.29, 0.43, 0.50 in. show that the 
mill scale on the plates popped to distances of 0.6, 0.6, 0.5, 0.6 in. 
The diameters of the plastic zone thus estimated to the inner 
diameter of the tube are 1.53, 1.67, 1.78, and 1.98 as compared 
with the theoretical limit 1.75, ignoring clearance. In another 
case, thickness 0.17 in., hardness measurements in the plate as 
well as scale-popping observations gave a value 1.65. 

Returning to the theoretical problem, the curves of the radial 
stress s, and the circumferential stress s;, due to the limiting pres- 
sure can be calculated. They are shown in Figs. 5 and 6. In 
Fig. 5, the stress beyond the limit of the plastic zone is of elastic 
form, although of course it is not the elastic stress corresponding 
directly to the pressure in the hole. The broken line shows how it 
would continue into the plastic zone. The actual plastic stress s, 
is the full curve below it and is practically a straight line. 

In Fig. 6, the curve BJ shows the stress s,; beyond the plastic 
zone, continuing as BA within the plastic zone. It will be seen 
that, even during the application of the pressure, the circumfer- 
ential stress is compressive in a ring of thickness 0.20 a, where a 
is the radius of the hole. 
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Fie. 5 Raptau Stress Curves 


In order to determine the residual stress remaining after the 
Pressure in the hole has been removed, it is assumed that the 
changes of stress and strain during decrease of pressure are purely 
elastic. This is known to be characteristic of unloading in simple 
tension, compression, and torsion (17), and the assumption that 
it is also valid for compound stress is invariably made in the 
calculation of residual stress (18). We may then regard unload- 
ing as the superposition of an equal radial tensile stress in the 
hole, producing the elastic curves ADE in Fig. 5, FDE in Fig. 6. 
These are tensile and compressive stresses, respectively. They 
are, however, inverted in order to exhibit what stresses remain 
when they are superposed on the preceding stresses. The re- 
mainders, shown by the intercepts in the shaded areas, are the 
residual stresses. The maximum residual radial stress is 0.245 so 
and occurs at a radius approximately 1.454. The circumferential 
Stress s; is compressive up to 1.58 a with a maximum value 1.73 s» 
at the hole. This value, however, exceeds the plastic limit of 1.15 
8 Which governs both principal stresses. The values of the 
residual s, for radii up to about 1.1 a also exceed this limit. 


See Appendix 
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It would appear therefore that the process of unloading cannot 
be a purely linear one as we have supposed. As it proceeds, it 
continually adds, near the hole, compressive circumferential 
stress to a stress of the same nature which was induced on loading. 
Elastic recovery may occur until the circumferential stress reaches 
1.15 so, but after that, the recovery becomes inelastic. No at- 
tempt is made in this paper to take account of such an inelastic 
unloading process, and the residual circumferential stress of 1.73 se 
remains as a defect in the theory. In spite of this, reasonably 
good agreement with test results is found. 

To find the residual pressure between tube and plate, we have 
merely to take the intercept in Fig. 5 which occurs at an abscissa 
corresponding to the outside of the tube. If the outer radius is b 
the required abscissa is given by the value of b/c (¢ = 1.75 a). 
We are assuming here that the expanding pressure is always the 
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Fie. 7 VartaTIon oF ResrpvaL Pressure WITH THICKNESS OF 


TuBE 


limiting pressure 1.15 so. It is thus possible to determine the 
residual pressures for a range of values of b/a. Such values are 
plotted in Fig. 7 (upper curve). 

To examine the commonly held view that the best joint is ob- 
tained when the plate is stressed only up to its elastic limit, but 
not beyond, we may start from the point B in Fig. 5, which repre- 
sents the limiting elastic radial stress. Whatever the tube thick- 
ness, the plastic curve will proceed from B as before. We may, 
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however, stop at any point G and take that as corresponding to 
the inner tube radius. Then the ordinate to @ represents the 
highest pressure to be used in expanding if the elastic limit of the 
plate is not to be exceeded. The elastic unloading curve GH 
must then be drawn from G, and the intercept HB now gives the 
residual pressure. Again, this can be determined for various 
ratios of tube outer and inner radii. These values also are 
plotted in Fig. 7 (lower curve). They give much lower values 
than those obtained previously by allowing the pressure in the 
hole to reach the plastic limiting pressure, and the plastic zone to 
extend into the plate. Thus the view that the plastic zone, with 
its own inner zone of residual compressive circumferential stress, 
acts to shield the tube from the elastic reaction of the plate, does 
not justify the conclusion that the plastic zone should not extend 
into the plate. The shielding effect is present, but by not stop- 
ping when it begins we are able to go to a higher expanding pres- 
sure which more than offsets the shielding effect by producing a 
general increase in stress. 

The implicaticns of the theory as to overexpanding, i.e., the 
decrease of residual pressure and holding power beyond an opti- 
mum degree of expanding, may also be examined with the help of 
Fig. 5. The point B in all cases represents the boundary of the 
plastic zone. The corresponding radius ¢c is now taken to be 
within the plate. We can choose any point G on the plastic part 
of the stress curve and take it as corresponding to the inner 
radius of the hole. We can thus obtain any ratio c/a, within 
limits, corresponding to some degree of expanding (radius of the 
plastic zone) and expanding pressure, less than the possible 
maxima. We may then take an abscissa J between G and B, to 
represent the outer radius of the tube, and read off the correspond- 
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ing intercept at J between the curves GB and GH. The values 
thus obtained are plotted in Fig. 8. Each curve shows the varia- 
tion of residual pressure with the extent c of yield in the plate, 
for a definite ratio b/a of the two tube radii. It will be seen that 
in all cases the residual pressure increases with c. 

Thus the theory, as far as it has been carried, yields no clue to 
the explanation of overexpanding. This negative result, however, 
serves to direct our attention to the factors which the theory has 
not taken into account. Of these the most suggestive is the 
thinning of the tube wall during expanding. If we treat this as a 
simple reduction of b/a, we conclude from the upper curve in Fig. 
7 that this will explain some reduction of residual pressure, but 
only if b/a is less than about 1.4. For instance, in the case of a 
3'/,-in-OD tube, of 0.32-in. wall thickness, b/a = 1.24, and if the 
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extrusion and, consequently, wall thinning is 15 per cent, the 
value of b/a after expanding is about 1.21. The reduction of 
residual pressure, from Fig. 7, is from 0.21 89 to 0.19 so, or 10 per 
cent. 

The initial clearance between tube and plate has so far been 
ignored. It makes no difference, however, to the foregoing re- 
sults, as far as the theory is concerned. When the expanding 
begins, the tube expands with a plastic stress distribution (the 
lowest curve in Fig. 9) different from that of Fig. 5. When con- 
tact is established, the pressure on the outer tube surface grows, 
and the stress distribution progressively changes. But the curves 
cannot rise beyond the curve of Fig. 5, and this is the final curve 
just as without clearance. The tests of Oppenheimer, however, 
showed a marked effect of clearance (15). 
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Fig.9 Variation or Raprat Stress Over THICKNESS OF TUBE FOR 
LimitTInG INTERNAL Pressure, VARIOUS EXTERNAL PRESSURES 


In actual joints the yield stresses of the tube and plate materials 
are usually different. The effect of this will therefore be con- 
sidered before numerical comparisons are made. 


EFFrect OF DIFFERENT YIELD Points oF TUBE AND PLATE 


Plate Yield Point Higher Than That of Tube. In the case al- 
ready considered, of identical yield points of plate and tube, the 
best joint was obtained when the limiting pressure 1.15 80 was 
reached inside the tube. Since the radial stress due to the ap- 
plied pressure invariably decreases along the outgoing radius, the 
radial stress in the plate never reaches the limiting value 1.15 4, 
except for a tube of infinitesimal thickness. For a tube of any 
given thickness, there is a radial pressure, defined by the appro- 
priate point on the plastic curve AGB of Fig. 5, which is required 
on the outer tube surface. A plate of higher yield point is able to 
supply this pressure equally well. The stress distribution within 
the plate will be different. It becomes wholly elastic if the yield 
point of the plate is twice that of tube. But the plastic curve 
within the tube material is still that of Fig. 5, and the residual 
pressure is still found by the same construction—the intercept 
between the plastic curve AGB and the elastic curve ADE i the 
value of r/c which corresponds to the outside of the tube, that is, 
b/c. The so, however, which figures in the dimensionless ordi- 
nates, is of course that of the tube, not that of the plate. The two 
will be distinguished by the subscripts t and p, as so; and Sop: 
The residual pressures for various values of b/a are therefore 
given by the upper curve of Fig. 7, the ordinates being values of 
residual pressure divided by so. 

We have the conclusion then that no advantage is gained by 
using a harder plate, as compared with a plate as hard as the tube, 
and this result is incorporated in Fig. 10. There, howev«', the 
ordinates are residual pressures divided by gp. Since we are 
considering increases of 8p the ordinates of the curve of Fig. / 
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Fig. 10 


must be reduced in proportion. Thus we obtain the curves 
marked 120, 140, 200 per cent. The curve marked 100 per cent 
is the same as that of Fig. 7. The percentages denote the ratio 
of plate yield point to tube yield point. 

Plate Yield Point Lower Than That of Tube. It is necessary as 
a preliminary to consider the plastic stress in a tube when the 
internal pressure has the limiting value 1.15 so, but the pressure 
on the outside of the tube has any value. This problem offers no 
difficulty and is solved in Naddai’s ‘‘Plasticity’’(18).6 The solution 
is represented by the curves of Fig. 9. Starting at the right-hand 
end of a curve, we begin with the prescribed outside pressure. 
The plasticity law and the conditions of equilibrium then deter- 
mine the curve completely, and it terminates at a pressure of 1.15 
8o, and at a radius depending upon the outside pressure chosen. 
There is thus a lower limit to the inside radius. Any thicker tube 
will be in plastic equilibrium only for a lower external pressure. 
The lowest curve, for zero external pressure, has its inner ter- 
minus at r/b = 0.335. Thus if b/a exceeds 1/0.335, or 2.98, 
fully plastic equilibrium throughout the tube is not possible. The 
tube will be elastic in an outside zone. 

Consider now, as an example, a plate whose yield point is 60 
per cent of the tube yield point or 0.6 so. Its limiting radial 
pressure is then 60 per cent of 1.15 so, and this ordinate is marked 
60 per cent on the right of Fig. 9. We may then follow the plastic 
tube curve which passes through this point and proceed inward 
to a value a/b of r/b corresponding to the inside of the tube. 
The stress reached on the curve is the highest internal pressure 
which can be applied without exceeding the limit set by the plate. 
From this point on the curve the elastic curve can be drawn, and 
the residual pressure read off as the intercept between it and the 
plastic curve at r/b = 1. This construction can be carried out 
for different values of a/b until the inner terminus of the curve is 
reached. Results are plotted as the straight-line part of curve 
marked 60 per cent in Fig. 10, which stops at b/a = 1.6, ora/b = 
0.625, the abscissa of the inner end of the 60 per cent curve in Fig. 9. 

For thicker tubes, the limiting stress of the 60 per cent plate is 
hot reached, and we have to go to a lower curve, accepting a lower 


F * Equation [30] on p. 191 contains an error. The corrected form 
18 given in the Appendix of this paper. 
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stress in the plate. We can retain the limiting stress 1.15 so, at 
the inside of the tube. The situation is thus no longer governed 
by the limiting stress of the plate, but by that of the tube. There 
is consequently a change in the nature of the curve for large b/a, 
as appears in Fig. 10. The curve in fact continues in the same 
way as Fig. 7. 

The curves marked 50, 70, 80, and 87 per cent in Fig. 10 are 
determined in the same way. The same construction is used for 
the curves marked 45, 40, and 35 per cent. These, however, show 
here residual pressure below certain values of b/a. This feature 
begins at 50 per cent. An elastic curve (for the infinite plate) 
drawn through the right-hand point of the curve marked 50 per 
cent in Fig. 9 has, at that point, its tangent in common with the 
plastic curve, and, proceeding to the left, the elastic curve lies 
above the plastic curve. For the lower plastic curves, however, 
the elastic curves drawn through their right-hand ends lie, for some 
distance to the left, below the plastic curves. If we take a point 
on one of these plastic curves, within this distance, to correspond 
to the inner radius of the tube, the elastic curve drawn from this 
point will lie above the plastic curve at r/b = 1. The intercept 
will then give a negative residual pressure, a tension, which would 
exist if the tube adhered to the plate. It would thus indicate 
zero pressure when there is no adhesion. Thus according to the 
present theory, no joint can be made if the tube is much harder 
than the plate, unless the tube is sufficiently thick. 

Fig. 10 gives a complete account of the residual pressures ob- 
tainable for the range 35 per cent to 200 per cent of s9p/so, and 
the range 1 to 1.75 of b/a. 

In order to exhibit more clearly the effect of varying the yield 
point of the plate, values from these curves are plotted in Fig, 11 
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in a different manner. The ordinates, residual pressure divided 
by 8o:, represent directly the residual pressure if so; is kept con- 
stant. The abscissas, sop/so:, correspond to changing sop under 
the same condition. We have then one curve for each thickness 
of tube. It will be seen that increasing the yield point of the 
plate has a very favorable effect so long as 8p/so: is below a certain 
limit depending upon b/a. It is, for instance, 0.83 for b/a = 1.25. 
But any further increase in the yield point of the plate is without 
effect on the residual pressure, although it will mean a somewhat 
different stress distribution in the plate. The reason for this is 
of course that above this limit, the situation is governed by the 
limiting stress which the tube material can bear, and the plate is 
no longer called on for its limiting stress. The conclusion may be 
expressed by saying that if the yield point of the plate is sub- 
stantially less than that of the tube, better results may be ex- 
pected by using a harder plate. This state of affairs is the usual 
one. Quantitative comparisons are made in the text following. 
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The results recorded in Fig. 10 are again replotted in Fig. 12, to 
show the effect of changing the yield point of the tube when that 
of the plate is kept fixed. The ordinates then correspond to the 
residual pressure, and the abscissas to the yield point of the tube, 
and there is a curve for each value of b/a. The linear left-hand 
parts, corresponding to the softer tubes, are governed by the 
limiting stress of the tube material. The curved parts beyond 
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Fig. 12 Errect or HARDENING TUBE 


the breaks are governed by the limiting stress of the plate ma- 
terial, which there does not permit that of the tube material to 
be reached. It will be seen that if the tube is substantially softer 
than the plate, the residual pressure can be raised by using a 
harder tube. But the use of a tube substantially harder than the 
plate may result in a smaller pressure. 

Tests have been made by The Babcock & Wilcox Company on 
the holding power of soft tubes rolled in hard plates, and hard 
tubes in soft plates. The details and results are as follows: 


Tube hardness............ 100 Bhn 320 Bhn 
Plate hardness............ 302 Bhn 107 Bhn 
18500 lb 11500 1b 
Ultimate load...........5. 79000 lb 36000 Ib 


Tube, 3!/,in. OD; wall thickness 0.22 in. 


No values of the yield points are available, but the hard plate 
would without doubt correspond to a point on the straight part 
of the appropriate curve in Fig. 11(b/a=1.15). The residual pres- 
sure would then be 0.158 so. When the hard material is used for 
the tube, we would have to conclude from Fig. 10 that no joint is 
possible if 80p/so: is less than about 0.45. The theoretical curves 
thus suggest that the hard plate -soft tube combination is very 
much better than the reverse, and this is in qualitative agreement 
with the results for the holding power. 

If we consider two materials, one having twice the yield point 
of the other, with b/a = 1.15, the hard plate - soft tube combina- 
tion gives a residual pressure of 0.158 so; or 0.158 8 if 8 is the yield 
point of the softer material. The hard tube - soft plate combina- 
tion gives 0.074 s. The advantage is about 2 to 1 in favor of the 
hard plate—soft tube combination. 


ComPaRIsON Witu Test RESULTS 


Table 1 shows the residual pressures obtained by the preceding 
theory for joints made and tested by Grimison and Lee (omitting 
one of alloy tubing showing no yield point). To illustrate the 
determination of the theoretical value, consider Case 2. The 
yield stress of the plate material, from test, is 31,500 psi, that of 


TABLE 1 COMPARISON OF THEORETICAL RESULTS WITH 
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MEASURED PRESSURES ON 3!/4-IN-OD TUBES IN PLATES 1!/: IN. 
THICK 


Greatest Calcu- 


Plate Tube measured lated 

Tube-wall yield yield residual residual 

Case __ thickness, stress stress pressure, pressure, 

no. in. b/a 8055 psi psi 804 psi psi 

1 0.17 1.12 31500 55000 0.59 5600 2400 
2 0.32 1.25 31500 40000 0.79 8100 7200 
3 0.32 1.25 26500 35000 0.76 6400 5720 
4 0.50 1.44 31500 37800 0.83 10100 9200 
5 0.32 1.25 veryhigh 40000 ——_ 8400 8160 


the tube material 40,000 psi, so that sop/so. = 0.79. The value 
of b/ais 1.25. Using the corresponding curve of Fig. 11, we find 
that the ordinate for the abscissa 0.79 is 0.18, so that the residual 
pressure is 0.18 X 40,000 or 7200 psi. 

With the exception of Case 1, the agreement with the test 
values is satisfactory. The theoretical values are all on the low 
side. This may be attributed to three causes, i.e., the neglect 
of the rise of the stress-strain curves beyond the yield point; 
differences between roll- and uniform-pressure expanding; and 
the assumption of plane stress. As to the latter, Grimison and 
Lee (19) find evidence that the axial frictional stress between 
tube and plate increases the residual pressure. Such stress is 
taken as zero in plane stress. There appears to be no evident 
reason for the large discrepancy of Case 1. 

Prerolled Plates. The fact that in normal practice the tube has 
a considerably higher yield point than the plate (e.g., 35,000 psi 
as compared with 26,500), a difference which is increased by cold- 
working, leaves room for improvement by the use of a harder 
plate. The original plate can, however, be conveniently hard- 
ened, in the zone around the hole where hardness is required, by 
expanding the undersized hole in the plate by means of an 
ordinary expanding tool. This idea has been tested by The 
Babcock & Wilcox Company and, in the results available to date, 
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a maximum residual pressure of 8290 psi was found for 3'/,in- 
OD tubes 0.32 in. thick. The maximum found for ordinary 
plates was 6400 psi, this being Case 3 of Table 1. The appro- 
priate curve in Fig. 11, that for b/a = 1.25, shows that the use of 
plates such that sop/so > 0.83, which correspond to the flat part 
of the curve, can raise the pressure to 0.208 so, or, since So = 
35,000, to 7300. This falls short of the test value 8290 by 12 per 
cent, the same percentage defect as in Case 3 itself. It thus 
seems very probable that all the improvement available by using 
harder plates can be secured by prerolling. 

The initial linear form of the curves of Fig. 10 for the lower 
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values of b/a is in agreement with conclusions from tests by Jant- 
scha (11) and Ries (13). 


CALCULATION OF FRICTIONAL HoLpING PowER 


To calculate the frictional holding power the tube is treated as 
fitted into a plate, with an external radius ¢ and hole radius b, 
with a uniform pressure po at the common surface. The outer 
diameter is regarded as finite to correspond with test specimens, 
Tension being applied to one end of this cylinder will tend to 
reduce its diameter and so partially relax, in an axially non- 
uniform manner, the original fit pressure po. Let the actual 
pressure between tube and plate be p, a function of z (Fig. 13), 
when a pull ? is applied to the tube. The corresponding axial 
stress in the tube a:, also a function of z, is taken as uniform over 
the thickness of the tube. Vertical equilibrium of the element 
of the tube shown in Fig. 13(b) gives 


where A = 2(b? — a?), the cross-sectional area of the tube, and f 
is the coefficient of friction. 

On application of the pull-out force P, the pressure po is reduced 
at the height z by p> — p. This permits a decrease of the radius 
of the hole in the plate by the amount 


b? 
c? — b? 


b 
Ab, = (po — p) e( 


where E is Young’s modulus and » Poisson’s ratio. This formula 
is taken from the thick-cylinder theory, for conditions uniform 
along the axis. It can also be established for linear variation of 
stress along the axis, provided certain shearing stresses on the 
tube ends are accepted. The variations ultimately found in the 
present case are nearly linear. 

The reduction of the pressure by (po — p) permits an increase 
of external radius of the tube of 


but the tensile stress o, involves a decrease of ve,b/E. Equating 
the net decrease to the decrease of radius of the plate hole Equa- 
tion [2], we obtained an equation which reduces to 


2b*(c? — a?) 
(4) 


o, = (po— Pp) 


Equations [1] and [4] serve to determine o, and pas functions of 
z. Eliminating o, we find 


d 2__ 52 
— ofp = where 


so that p = Ce*/*, Then Equation [4] gives 
Aa 


Atz = = Oandatz = 0, Ao, = P. 


"nag first of these conditions gives C = poe~™ and the second 
then 


and the distribution of pressure is now given by 
p = [6] 


To gain some idea of the variations involved, consider the case 
=b.c = o, Then 
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The value of » will be about 0.3. The value of f will probably be 
between 0.3 and 1. Taking the latter value so as to get the most 
extreme variations of p with z, and P with l, we have afl = 0.3. 
The corresponding variation of p with z is sensibly linear. It 
would be practically linear for considerably longer joints. 

Considering variations of l, keeping f = 1 and v = 0.3, the varia- 
tion of P with | is found to be linear over the range of practical 
values of l/b. This agrees with the test results of Ries and Siebel 
(12, 13, 14). 

The case of a push-out test may be obtained from Equations 
[5] and [6] by reversing the signs of fand P. The results may be 
written 


where P is the push-out force and 8 = v(c? — b*) /b(c? — a*). 


Appendix 


Tue Puiasticiry ProBLeM 


The theoretical results obtained have been based on the plastic- 
elastic stress curves of Figs. 5 and 6, for pressure applied within a 
hole in an infinite plate, and the plastic stress curves of Fig. 9. 

The equations for the plastic parts of all these curves have a 
common derivation (A. Nadai, “Plasticity,” Chap. 28).? _ The law 
of plastic flow adopted, that of von Mises and Hencky, is in the 
general case of three principal stresses s;, 82, $3. 


(8 — 8)? + (82 — 83)? + (83 — 81)? = 289? 


where 8 is the yield stress in simple tension. In the present prob- 
lem we have the principal stresses s,, s;, radially and tangentially, 
in the plane of the plate, and the third principal stress is taken as 
zero. The plasticity condition then reduces to 


The curve showing this relation between s, and s; is an ellipse. 
The use of an eccentric angle @ of this ellipse as a parameter, by 
which the stresses are expressed as 


230 28 . 
8 sin ( Va sin ( + [10] 
leaves the plasticity condition automatically satisfied. Both s, 
and s; are limited to lie between + Teor + 1.15 so, and this is the 


limiting radial stress frequently referred to in the paper. 
The equation of equilibrium is 


dr 
Using the variables 


this equation is transformed into 


[si 
sin 6 cos 


7 Ref. (18), Chap. 28, p. 185. 


c? — 
Qnb 
P = po— 17] 
+ 2xbfp = 0 (1] 

b (b? +a? 

2xb 
Qa 
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and the integral of this is 


where A is the arbitrary constant. It is determined as soon as 
the stress s, is given at some value of r. For the corresponding 
value of @ can then be found from Equation [10], and substitution 
in Equation [12] then gives A. 

Curves which yield the solution of all the special problems may 


be obtained by plotting - against @ from Equation [12], and s, 


and s; against @ from Equation [10]. Fig. 14 shows these curves 
over the range required in the problems of the paper. For a 


280 
special case, as for instance s, = —0.6 V3 atr = b, we have — sin 


(0 z) = 0.6 atr = b, oratr/A =b/A. Picking out the point 


on the curve of s, 4/3 /2so which has the ordinate 0.6, we find that 


the 

1 04 

z 


Fie. 14 CurvEs 


it corresponds (for the same 0) to r/A = 0.9. Thus b/A = 0.9 
and A = 1.11b. The curve of s, V3 /28 versus r/A can now be 
converted into the curve of s,/s9 versus r/b, which appears in Fig. 
9. 

The problem of the infinite plate, with its elastic exterior zone, 
is solved by observing that since in the elastic zone the stresses 8, 
and s; are equal in magnitude, though opposite in sign, the plas- 
ticity condition is satisfied at a boundary r = c between the elastic 
and plastic zones if, from Equation [9] with s; = —s,, 38,2 = 8° 
or 8 = +8/+/3. If we then solve the plasticity problem as 
outlined with the boundary condition 8s, = —s/+/3 at r = ¢, 
the curve of s,/s) can be plotted against r/c. This yields the s, 
curve of Fig. 5, AGB, with abscissas r/e. The curve terminates 


at A, with the limiting stress 1.15 so) at r/c = 0.567. Thus the 
plate can only be made to yield as far as c/a = 1/0.567 = 1.75. 
Any value of the ratio a/c larger than 0.567 corresponds to the 
choice of a point between A and B for the hole and the pressure 
required to cause yield to the corresponding extent, ¢ — a, is 
given by the ordinate. 
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Experimental Investigation of Tube 


Expanding 


By E. D. GRIMISON,' NEW YORK, N. Y., anv G. H. LEE,? ITHACA, N. Y. 


This paper gives results of an experimental investigation 
to determine (a) the fundamentals involved in tube ex- 
panding; (6) the various practical methods of measuring 
the degree of expansion; (c) the optimum degree of ex- 
panding; and (d) the ultimate strengths of expanded 
joints under various conditions of service. Characteristic 
relationships of seat pressure on tube to degree of expand- 
ing are given, which clearly show the optimum degrees of 
expanding. An explanation for the existence of the op- 
timum is developed. Determinations of structural 
strengths of joints under instantaneous loading to failure 
are reported, as well as the results of repeated smaller load- 
ings through 1000 cycles. The joint was not injured by 
these repeated applications of loads. The investigation 
has derived information which has led to a more posi- 
tive procedure for rolling-in tubes. 


ACK of a general understanding of the fundamentals of 
tube expanding and the confusing nature of the data 
available caused The Babcock & Wilcox Company to 

undertake a complete investigation of the problem. It was 
decided to examine both theoretically and experimentally the 
fundamental principles involved and to combine the knowledge 
thus gained with practical experience in the field. From the 
beginning of the investigation, it was planned to publish the 
results as the company’s contribution to the development of 
knowledge of a problem vital to its own business and of great 
importance to its customers. The general objectives were: 


1 An investigation of the fundamentals involved as an aid to 
analysis of the problem. 

2 Investigation of the various practical methods of measur- 
ing the degree of expansion. 

3 Determination of “optimum” degrees of expanding. By 
this is meant that degree of expansion which will create a joint of 
maximum strength and tightness 

4 To furnish data in the shape of ultimate strengths of joints 
under various conditions of service and suitable factors of safety 
applying to them. 


These objectives are only partially fulfilled in the investiga- 
tion reported in this paper. The investigation was well in prog- 
ress when the war started, and it was decided to continue it to a 
point at least partially conclusive before stopping it for the dura- 
tion, in the belief that the small expenditure in materials and 
manpower might be offset many times over by the savings which 
would result from a more positive procedure of rolling-in boiler 
tubes. At some time in the future, this work will probably be 
continued by the company and it is hoped by others as well. 


‘Mechanical Engineer, The Babcock & Wilcox Company, New 
York, N.Y. Mem. A.S.M.E. 

* Assistant Professor of Engineering Mechanics, Cornell Uni- 
versity, Ithaca, N. Y. Jun. A.S.M.E. 

Contributed by the Power Division and the A.S.M.E. Research 
Committee and presented at the Annual Meeting, New York, 

-Y., Nov. 30-Deec. 4, 1942, of Tae AMERICAN Society OF MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Basis oF EXPERIMENTAL Strupy 


In a companion paper,* Goodier and Schoessow develop the 
theoretical background of the investigation reported here and 
include findings which extend the conclusions of this experi- 
mental study substantially. The equations which they de- 
velop for the strength of expanded joints are based on the as- 
sumption of purely frictional resistance to slip of a tube expanded 
ina plain seat. This involves the assumptions: (1) The surfaces 
in contact were originally cylindrical (before application of 
load) and (2) the pressure exerted by the seat on the tube was 
uniform before application of any load. The latter assumption is 
not important if the coefficient of friction is constant with pres- 
sure. 

Referring to the equations given by Goodier and Schoessow the 
tube-seat radial pressure on the tube is a prime variable and the 
only variable likely to be influenced markedly by degree of ex- 
panding except, perhaps, the coefficient of friction. On the as- 
sumption that coefficient of friction is independent of degree of 
expanding, the carrying capacity of the joint in either axial load- 
ing or torsion is directly proportional to the tube-seat pressure. 

According to this assumption, the plans for the investigation 
provided that a major portion of the program should be de- 
voted to tube-seat pressure determinations. The object was 
primarily to define the degree of rolling for which a maximum of 
seat pressure is obtained. This maximum of seat pressure was 
believed to coincide with the maximum structural strength of the 
joint. This belief was to be checked by experiment and has been 
so checked with no reason forthcoming to modify it within limits. 
By thus attacking the problem, a useful design tool is furnished 
with a minimum of experimental labor. 

It was believed that many expanded joints fail through re- 
peated applications of loads lower than the ultimate strengths of 
the joints, particularly in torsion and bending. It is often 
difficult to introduce flexibility into long riser and downcomer 
connections between waterwall headers and drums, without sub- 
jecting the expanded joints to heavy torsion or bending loads 
each time the unit is put on or taken off the line. Determination 
of endurance limits was, therefore, included in the program. 
Due to the low frequency with which these loadings occur, the 
tests were carried through only 1000 cycles, approximately 
equivalent to 20 years of normal service. The results of these 
tests under repeated loadings did not support the original belief 
in an endurance limit less than the ultimate strength of the 
joints for the number of cycles of repeated loading used in these 
experiments. 

EXPERIMENTAL PROCEDURE 


All tubing used in this investigation was 3!/,in. OD X 0.17, 
0.32, and 0.50-in. wall thicknesses. The tubes were expanded 
into seat disks 1'/, in. thick, using three-roll propulsive ex- 
panders in all cases, with belling rolls removed. All the seats 
were bored on a lathe with arbitrary but constant boring speeds. 
All seats were plain, with no irregularities except the bore marks 

3‘*The Holding Power and Hydraulic Tightness of Expanded Tube 
Joints: Analysis of Stress and Deformation,’”’ by J. N. Goodier and 
G. J. Schoessow, presented at the Annual Meeting, New York, 


N. Y., Nov. 30-Dee. 4, 1942, of Tae American Society or Me- 
CHANICAL ENGINEERS. Published in this issue p. 489. 
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which were not disturbed in any way before use. No grooved 
seats were used in these experiments. All seats were bored to 
3°/s2: in., giving a nominal clearance of '/;. in. on the diameter. 
Before making the joints, the tubes were buffed free of all rust 
and scale, but no attempt was made to eliminate occasional 
deep pits in the tubes. Tube and seat surfaces were cleaned with 
carbon tetrachloride to remove all oil and grease. 

The seamless tubing used in this investigition was made to 
A.S.M.E. Code Specification S-17 Grade A, and was normalized 
to reduce variations in physical properties to a minimum. The 
seat-plate specifications were intended to be A.S.M.E. Code 
Specification S-1 in all cases, but some of the plate was more 
nearly of 70,000 psi tensile strength than 55,000 psi, as is indi- 
cated specifically in reporting the results of the experiments. A 
few tests were made using seat plates of heat-treated tool steel 
of approximately 500 Bhn and a few tests using tubes made by 
boring out tool-steel rod had a hardness of approximately 200 
Bhn. 

Three methods were considered for the determination of tube- 
seat pressures. All involved the use of the thick-cylinder theory, 
i.e., the problem was assumed to be one in which the deformations 
were symmetrical about an axis. After the expansion of the 
tube into the seat, both the tube and the seat are elastically re- 
strained by the tube-seat pressure built up during the expanding 
operation. If either the seat is removed from the tube or the 
tube is removed from the seat, an elastic recovery will occur in 
the remaining member. The tube-seat pressures are calculated 
from the strains measured during the elastic recovery of either the 
tube or the seat. 

The first method used for the determination of the tube-seat 
pressure involved the measurement of the strains occurring in the 
tube during its elastic recovery as the seat was removed. Many 
tests were conducted using this method before a comparison of 
results with those of the second method, involving the strains 
occurring in the plate upon removal of the tube, indicated an in- 
consistency that could arise only from an error in the application 
of one or both of the methods. Careful consideration of the fac- 
tors involved led to the discard of the first method and the adop- 
tion of the second. As the first method is attractive in its appar- 
ent simplicity, it will be briefly described and the reasons for its 
discard stated. 

After completion of the joint, six SR-4 Metalectric strain gages, 
described by de Forest and Anderson,‘ were bonded in alter- 
nately tangential and axial directions on the inside surface of the 
tube with their center lines coinciding with the middle of the 
joint. The unit strains measured on cutting away the seat 
were substituted into Equation [1] which is derived from the 
thick-cylinder theory (the Lamé formula),* to give the tube-seat 


pressure. 
E(e, + D? 


The nomenclature used in Equations [1] and [2] is as fol- 
lows: 
a and D,; = inside radius and diameter, respectively, of tube, 
in. 
b and Dy, = outside radius and diameter, respectively, of tube, 


in. 
c = outside radius of seat plate, in. 
e, and e, = tangential and longitudinal (axial) unit deforma- 
tions, in. per in. 


4“A New Lateral Extensometer,’’ by A. V. de Forest and A. R. 
Anderson, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 63, 
Dec., 1941, p. A-152. 

5’ “Strength of Materials,’’ by S. Timoshenko, D. Van Nostrand 
Company, Inc., New York, N. Y., vol. 2, 1930, p. 528. 
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radial pressure exerted at tube-seat interface, psi 
radius, in. 

radial displacement, in. 

Young’s modulus of elasticity, psi 

Poisson’s ratio 


ll 


After noting the discrepancy between the results of the two 
methods for the determination of the tube-seat pressure, a more 
careful consideration of the problem led to the conclusion that 
the thick-cylinder theory could not be applied to the elastic 
recovery of the tube. One of the assumptions upon which the 
thick-cylinder theory is based is that the radial displacements 
are constant along the length of the cylinder. Calculations 
showed that when the seat was removed from the tube, the walls 
of the tube did not have a radial-displacement constant along 
the length of the seat, but rather the tube walls “bulged’”’ out. 
The longitudinal strain arising from the “bulging” was found 
to be of sufficient magnitude to introduce an error of the orJer 
of 50 per cent into the calculations of the tube-seat pressure. 
An accurate determination of the tube-seat pressure using the 
strains occurring on the inner surface of the tube would necessi- 
tate a knowledge of the distribution of the pressure along the 
seat. 

Assuming two extreme pressure distributions the tube-seat pres- 
sure was determined by calculation. The pressure distributions 
assumed were (1) uniform over the length of the seat and (2) a 
triangular distribution with a maximum in the middle of the seat. 
The data used were taken from a test in which the tube was 
rolled to approximately 8 per cent total extrusion. ‘The results 
were 7200 psi for the uniform pressure distribution, an average 
of 3800 psi for the triangular distribution, 2280 psi as determined 
using the thick-cylinder theory applied to the tube, and 4300 psi 
for elastic measurements made on the plate. This latter pres- 
sure was determined using the second method previously men- 
tioned. The value of 4300 psi for the average pressure is seen to 
lie between the pressures as determined assuming the two ex- 
tremes of pressure distribution. This is as expected, since it is 
reasonable to assume that the true pressure distribution lies be- 
tween the two extremes. The results indicated, while not too 
definite, are sufficient to indicate the error encountered in apply- 
ing the thick-cylinder theory to the problem of the elastic re- 
covery of the tube upon removal of the plate. 

The second method considered involved elastic measurements 
made in the plate during its elastic recovery upon removal of 
the tube. A special mechanical strain gage was used to measure 
radial displacements of gage points placed on the seat plate in 
sets of two. The points of each set were at diametrically oppo- 
site positions on a 6-in-diam circle concentric with the tube seat. 
The points were then approximately 1'/; in. from the seat, a dis- 
tance sufficient to render negligible the effects of any self-equi- 
librating foree system occurring in the seat. Four sets of gage 
points, equally spaced, were placed on each plate. Changes in 
the radial distances between points, upon removal of the tube, 
were the measurements made. Errors arising from the instru- 
ments were quite small, of the order of 1 per cent in measuring 
displacements of the order of 20 X 10~§ in. 

The tube-seat pressure po could be determined by substituting 
the measured radial displacements in Equation [2], which is 
derived from the thick-cylinder theory 


uE (c? — b*) 


Po = be 


This method for the determination of the seat pressure is theo- 
retically sound and gave consistent results as shown later. 
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The small displacements involved could be measured with suf- 
ficient accuracy, and the method was adopted. 

The third method used measurements of tangential strains 
occurring on the periphery of the seat during the removal of the 
tube. The strains were too small to promise any acceptable 
degree of accuracy and the method was discarded. 

The indicators of degree of rolling, considered in this investi- 
gation were the popping of mill scale around the seat, partial 
and total extrusion of the tube from the seat during the expanding 
operation, increase in inside diameter of the tube after it makes 
first contact with the seat during expansion, and the radial dis- 
placements of points on the seat plate adjacent to the tube seat. 
All of these indicators have certain advantages and disadvantages 
which are discussed later. 

The popping of mill scale was measured by means of a linear 
scale, an average being taken of several readings around the de- 
scaled ring surrounding the seat. The partial extrusion of the 
tube is the extrusion as measured from either the tube end or 
the open end of the joint. This measurement on the tube end 
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Fig. 1 


of the seat was taken by means of a dial gage fastened to the 
tube with plunger resting on the plate. The dial clamp was suf- 
ficiently far from the seat to insure only the action of the extru- 
sion being indicated. The extrusion of the open end of the tube 
from the seat was measured by a removable instrument consist- 
ing of a notched bar and dial gage, which was placed on the end 
of the tube in such a manner that the motion of the middle of 
the tube wall away from the plate was indicated on the dial. 
The total extrusion of the tube is equal to the sum of the partial 
extrusions. The increase in the inside diameter of the tube 
over that at measured tack rolling and calculated contact rolling 
was determined by averaging micrometer measurements taken 
around the tube. The radial displacements of points on the 
plate adjacent to the seat were measured by means of a mechanical 
strain gage capable of measuring accurately displacements of 
the order of 10-¢ in. with an error of about 1 per cent. 

All determinations of structural strengths were made on 3'/,-in- 
OD tubing x 0.32-in-wall thickness. An internal hydrostatic 
pressure of 1800 psi was maintained, during all tests, which cor- 
responds to the pressure permitted by the A.S.M.E. Code. 
Tension samples used were of all-welded construction except for 
the expanded joints, as shown in Fig. 1. The expanded joint 
was kept cool during welding by circulating water internally 
through the pressure vents. The samples were tested in a uni- 
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versal testing machine directly to failare, readings of the dial 
gage being made at set increments of load. The loads at first 
leak and at ultimate strength of the joint were recorded. Ulti- 
mate strength is defined as the maximum load, in either tension 
or torsion, the joint can withstand without slipping. The point 
of failure was unmistakable. 

The type of test sample used in the torsion tests is illustrated 
in Fig. 2. The ultimate strengths of the joints were such that 
in some instances the elastic limit of the tube was reached before 
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the joint failed. A comparison of the dial readings would give 
an indication of any slippage occurring in the joint. Several tor- 
sion tests were run in which the loads at first leak and at the 
ultimate strength of the joint were noted. Dial readings were 
taken at definite increments of loading. Additional tests were 
run under repeated loading to loads somewhat below the ultimate 
strength. In loading the sample repeatedly, the elastic deforma- 
tion of the tube was used as an indication of the load applied in 
preference to the load indicator of the machine, aiding greatly 
in the facility with which the load could be repeated. Occa- 
sional checks were made between dial readings and actual tor- 
sional moment indicated by the machine. The load was not 
reduced to zero in these repeated-loading tests, but to 3000 in-lb 
minimum. Considerable time was thus saved. 

The transverse-bending tests were made on samples of the 
type shown in Fig. 3. Two joints were tested simultaneously, 
the action of the one joint in no way affecting the other joint. 
The sample was of all-welded construction, the same precautions 
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against overheating being taken as in the construction of the 
other samples. The double sample was supported as a simple 
beam with the load applied in the middle of the span as indicated 
in Fig. 3. Dials were fastened to tabs welded to the tube at a 
distance of 2 in. from the joint. Due to the push-out action 
of the internal pressure, the motion of the top of the tube rela- 
tive to the seat was different from that of the bottom of the 
tube, hence the two sets of dials per sample. A fifth dial was 
placed on the testing machine to indicate the total deflection of 
the sample. Several direct bending tests were run to first leak. 
The binding of the tube in the seat raised the structural strength 
of the joint far beyond the leak strength. Several additional 
tests were run in which the loading was repeated 1000 times. 
Again the object of these tests was to obtain, if possible, a failure 
of the joint somewhat below the ultimate strength of the joint. 


RESULTS OF TUBE-SEAT-PRESSURE DETERMINATIONS 


The assumption was made initially that the tube-seat pressure 
was a direct indication of the structural strength of the joint. 
Experience and previous tests have indicated that, as the de- 
gree of rolling progresses, the tensile strength of the joint in- 
creases to a maximum and then decreases. According to the 
foregoing assumption, the tube-seat pressure plotted against the 
degree of rolling should give a similar maximum. Three factors 
were thought to influence the shape of the curve, i.e., the decrease 
in the wall thickness due to rolling; a change in the friction be- 
tween the tube and the seat; and finally the ring of material 
surrounding the seat, plastically deformed during the expand- 
ing operation, acted as a cushion for the tube against the elastic 
recovery of the plate. The first was found not to enter into 
consideration here since its action is felt only after excessive 
rolling of the tube. The second factor, i.e., the change in the 
friction between the tube and the seat, is the dominant influence, 
as will be shown later. The third factor has been shown by 
Goodier and Schoessow, in a companion paper,’ not to affect 
the tube-seat pressure materially. 

The first series of tests was run on 3'/,-in-OD  X 0.32-in- 
wall-thickness tubing of an average hardness of 130 Bhn rolled 
into 11/2-in-thick plate of an average hardness of 105 Bhn. 
The seat pressures determined are plotted as curve (1) in Figs. 
4 and 5, as functions of the percentage increase in the inside 
diameter of the tube over that calculated at first uniform contact 
of tube and seat, and the total extrusion of the tube, respectively. 
The tube inside diameter at first contact of tube with the seat is 
calculated on the basis of an unchanged cross-sectional area of 
tube. The correlation between the tube-seat pressure and the 
percentage increase in the tube inside diameter over that meas- 
ured at tack rolling is very poor, due primarily to the sensi- 
tivity of the latter to slight errors in measurement, and so was 
not represented by plot. The serial numbers of joints tested 
refer to tabulated data. 

The unexpected sharp break-off in the tube-seat pressure with 
increased degree of rolling at about 4 per cent total extrusion 
caused considerable speculation as to influencing factors. A 
maximum in the curves was expected, but not the rapid drop in 
tube-seat pressure. An examination of the seat after removal 
of the tube indicated a definite answer to the questions. Top 
views (magnified 6 times) of sections of the tube seats indicated 
are shown in Fig. 6. The views extend from the center of the 
seat to the edge. Reference to Figs. 4 and 5 will place the 
seats illustrated with reference to degree of rolling and tube-seat 
pressure as indicated by joint numbers. 

The bore marks of seat No. 67, Fig. 6(a), are apparently un- 
damaged; the illustration indicates that the original roughness 
is not materially changed. Reference to Figs. 4 and 5 will indi- 
cate that the tube was slightly underrolled. The bore marks of 
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(31/s-in-OD tube; 0.32-in-wall thickness. (@ Tubes 130 Bhn, seats 105 Bhn. 
@ Tubes 118 Bhn, seats prerolled to 130 Bhn from 105 Bhn as received. 
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seat No. 70, Fig. 6(c), are materially flattened, but no slipping 
of the tube relative to the seat due to rolling has occurred. Joint 
No. 70 is apparently rolled to the proper degree for maximum tube- 
seat pressure. The seat of test No. 66, Fig. 6(b), the tube of 
which was rolled past the critical point, shows definite indications 
of slippage due to excessive rolling. From this observation, it is 
clear that the greatest tube-seat pressure for this combination of 
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Fic. 6 Top Views or Bore Marks IN X 6 
(a, Seat No. 67; b, seat No. 66; ¢, seat No. 70; d, seat No. 60. Top of each view is edge of seat. Bottom of each view is middle of seat.) 
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(a, Seat No. 67; b, seat No. 66; 
d, seat No. 60.) 
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tube and seat is obtained just before slipping, due to rolling, which 
occurs between the tube and the seat. The slipping that occurs 
beyond the critical degree of rolling breaks down the resistance to 
extrusion of the tube. The top view of the section of seat No. 60, 
shown in Fig. 6(d), illustrates the effect on the seat when the tube 
is rolled excessively. 

Profile views (magnified 50 times) of the bore marks of sec- 
tions of the seats taken from test Nos. 67, 66, and 60, respectively, 
are shown in Fig. 7 and are taken at the center of the sections 
shown in Fig. 6. These profile views bear out the statements 
just made concerning the top views of the same seats. 

It is concluded that, to obtain the highest possible tube-seat 
pressure, it is necessary to prevent in some manner the easy ex- 
trusion of the tube from the seat. 


Srupy or TUBE-AND-PLATE-HARDNESS COMBINATIONS 


A series of three groups of tests was run, in which the tube-and- 
plate-hardness combinations were maintained practically con- 
stant, but the tube-wall thickness was varied. The wall thick- 
nesses used were 0.17, 0.32, and 0.50 in. The hardnesses are as 
noted in Figs. 8 and 9. These results do not entirely support 
Goodier and Schoessow’s conclusion* that the maximum pres- 
sure obtainable by the expansion of a tube into a seat is approxi- 
mately proportional to the wall thickness of the tube. The 
maximum pressures obtained with the various thicknesses of tube 
are approximately linear with wall thickness but do not follow a 
simple proportionality law. 

Another series of tests included tube-seat-hardness combina- 
tions which ranged from an extreme of plate hardness to the 
other extreme of tube hardness. The results for all but one 
group of these tests are presented in Figs. 4 and 5. The hard- 
ness for tube and seat are noted with the figures. One group of 
plates was, as noted, of 105 Bhn as received; these plates were 
prerolled, a process to be described, raising their hardness at the 
seat to approximately 135 Bhn. 
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(Curve A, hardness of prerolled seat. Curve B, hardness of seat No. 16 
after normal expansion of 0.17-in-thick tube.) 


The process by which the hardness of the plates just men- 
tioned was increased by prerolling was as follows: The plates 
were bored undersize by about #/;.,in. in diam. A four-roll tube 
expander was then used and the hole rolled to a diameter about 
1/,; in. undersize. The hole was then finish-bored to a diameter 
of 31/3,in. This process of prerolling raised the hardness of the 
plate, in the vicinity of the seat, from 105 Bhn to about 135 Bhn. 
The maximum hardness obtainable by roll-hardening was in the 
neighborhood of 135 Bhn. A curve of the plate hardness, plot- 
ted against the distance from the edge of the seat is given in 
Fig. 10, curve A. This may be compared with curve B, a plot 
of the plate hardness arising from the expansion of the tube 
versus distance from seat. 

Reference to Fig. 4 shows that the prerolling process gives most 
of the benefits of a hard plate. It appears that with this process 
the maximum seat pressure is reached with a slightly smaller 
increase in tube inside diameter, therefore, presumably with less 
cold-working and consequent thinning of the tube. 

The expanding of the soft tube into the hard seat is rela- 
tively easy. Tack rolling is readily obtained and the proper 
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degree of rolling is a matter of only a few turns of the expanding 
tool. It will be noted in Figs. 4 and 5 that the tube-seat pres- 
sures obtained for the relatively soft tube in the hard seat were 
somewhat higher than those obtained using a somewhat softer 
plate, roughly 30 per cent greater. There is a variation in the 
character of the curves with increasing plate hardness, but a 
maximum of tube-seat pressure is present in all instances. The 
rate at which the tube-seat pressure drops off with increased 
rolling is dependent upon the relative hardness of tube and 
plate. There are not sufficient data to clearly define curve 4, 
Figs. 4 and 5; the drop-off being entirely governed by point 143 
which may be at fault. It will be noted that, aside from curve 4, 
there is a tendency toward a less rapid drop-off in tube-seat 
pressure with increased hardness of plate relative to tube. 

It may be noted that increasing the seat hardness from 105 to 
130 Bhn produced a very definite increase in seat pressure, but 
that a further increase of seat hardness to an average of about 
500 Bhn produced very little additional increase in seat pressure. 
This is in line with the conclusion reached theoretically by 
Goodier and Schoessow,* that increase in seat hardness relative 
to the tube will produce increased seat pressures only up to some 
maximum limit. 

A final group of this series of tests was made in which the tube 
was approximately 200 Bhn, while the plate was of the approxi- 
mate hardness of 128 Bhn. The joints using these combina- 
tions of hardness were rather difficult to form. Tack rolling 
was obtained only after numerous resettings of the expanding 
tool. Final rolling was made wiih not too great difficulty, but 
the plate was rather badly deformed. The results of these tests 
are listed in Table 1. Sufficient data were not obtained for a 
graphical representation. It will be noted, however, that 
rather high tube-seat pressures were obtained, extending over a 
wide range of rolling. 


RESULTS OF STRUCTURAL-STRENGTH TESTS 


Little or no design data are available on the expanded joint. 
One of the aims of this investigation was to make a few strength 
tests as a start on a more comprehensive investigation of strength 
values of the expanded joint. The A.S.M.E. Boiler Code working 
pressure for the size of tubing tested is approximately 1800 psi; 
this hydrostatic pressure was used in all the samples tested. 
The three general types of tests run were tension, torsion, and 
transverse bending. The transverse bending, as will be noted 
on the sketch of this sample, Fig. 2, was a combination of pure 
bending and transverse shear. This combination of bending and 
transverse shear is such as would be encountered in actual prac- 
tice; instances of pure bending or only transverse shear are very 
rare, 

Torsion Tests. The torsional strengths obtained for the vari- 
ous samples tested are listed in Table 2 together with informa- 
tion on degree of rolling, hardnesses, ete. Sufficient data have 
not been taken to warrant the plotting of curves, but the results 
listed in the table indicate a rather constant strength with de- 
gree of rolling, for constant hardness of tube-and-plate combina- 
tions. The joint in which the plate was prerolled gave a much 
higher strength than the average of the other tests. By refer- 
ence to Figs. 4 and 5, it will be noted that the prerolled joint was 
expanded beyond the critical degree. Whether this would affect 
the torsional strength of the joint or not is questionable. 

Several repeated-loading tests were run on joints expanded to 
approximately the critical degree. The loading cycles and the 
number of cycles run are listed along with the strengths and 
other pertinent information in Table 2. Although the maximum 
load to which the samples were taken during the cyclic testing 
approached the ultimate strength of the joints, no failure was 
obtained. Experience has shown that in some instances down- 
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comers and risers develop leaks after periods of use, and an 
attempt was made here to explain this failure of the joint as 
due to a progessive breakdown of the joint caused by repeated 
loadings. Because of the low frequency with which the loading 
on the tubes in a boiler is appreciably altered, 1000 cycles were 
assumed to be equivalent to about 20 years of normal service. 
It is obvious that the data taken are such as to prohibit any 
definite conclusions, but there is an indication that repeated load- 
ing in torsion to a maximum load of 75 per cent of the ultimate 
will not cause failure within a reasonable number of cycles. 

Coefficients of friction, calculated from the ultimate strengths 
given, are included in Table 2. These are fairly constant below 
the critical degree of rolling, but rise appreciably beyond it. This 
rise is thought to be due to distortion of the tube and seat from 
circularity under excessive rolling. 

Tension Tests. Table 3 lists the results of the tension tests on 
joints of various degrees of rolling. It will be noted that the 
strengths follow the tube-seat pressure, as indicated by either 
tube extrusion or increase in tube inside diameter. This correla- 
tion between the tensile strengths of the joints and tube-seat 
pressures is expected due to high frictional resistance to slip 
resulting from the direction of the bore marks in the seats. This 
is further emphasized by the generally higher values of coefficient 
of friction than were had from torsion tests of tubes expanded 
to less than the critical degree. 

Transverse Bending Tests. Results of transverse bending 
tests are not at all consistent, as indicated in Table 4. The rea- 
son for the scattering, most notably in the harder tube-softer 
seat combinations, is not known. Several of the samples were 
loaded cyclically 1000 times in attempts to obtain leaks at loads 
somewhat below the ultimate strengths of the joints. No leaks 
were had until the samples were carried to failure after comple- 
tion of the 1000 cycles. 

In bending, it is possible that failure does not occur through 
slipping of the tube in the seat. Rather, the tube may distort 
in bending and allow leakage to take place through the dis- 
tortions. In this case, the width of the seat will have an im- 
portant bearing on the strength of the joint, with results not 
predictable except by direct tests. An increase in strength in 
transverse bending by widening the seat may be expected. 


INDICATORS OF DEGREE OF EXPANDING 


Discussion of the advantages and disadvantages of the indica- 
tors of degree of rolling is significant from the standpoint of their 
application to field erection of boilers and other pressure vessels. 
The present discussion is from the rather limited viewpoint of the 
experimentalist and is supplemented by a discussion in a com- 
panion paper by Maxwell,* from the broader viewpoint of the 
practical erector. 

“Popping” of mill scale on the seat plate is of limited utility 
in the hands of inexperienced men. However, field experience 
with it proves its utility as an indicator of attainment of an opti- 
mum degree of expanding, corresponding to reaching a maximum 
seat pressure. It is an indicator distinctly lacking in sensitivity 
to differences in degree of expansion, but it was noted repeatedly 
that the beginning of mill-scale popping coincided with the at- 
tainment of optimum seat pressure. The size of scale flakes 
varies greatly, apparently due to inconstant bond between scale 
and plate. For this reason, the “beginning” of popping might 
mean the descaling of a band, varying from '/, to */, in. around 
the seat. This indicator is useless, of course, in cases where the 
plate has no mill scale. 


6 ‘Practical Aspects of Making Expanded Joints,’’ by C. A. Max- 
well, presented at the Annual Meeting, New York, N. Y., 
Nov. 30-Dec. 4, 1942, of Tom Amprican Society oF MECHANICAL 
Enatnegrs. Published in this issue, p. 507. 
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The partial extrusion of the tube from either side of the seat 
has been used as an indicator of the degree of rolling. Neither of 
these partial extrusions has proved to be a satisfactory indicator 
of the degree of expanding, as shown by Table 1 which contains 
partial extrusion measurements for each tube. It had been 
hoped that plots could be made correlating these partial extru- 
sions with the total extrusions and increase in the inside diame- 
ter of the tube after tack rolling, but the points were so scattered 
as to make the plots useless. 

The total extrusion of the tube out of the seat is given by the 
sum of the partial-extrusion measurements. Although the par- 
tial extrusions of the tube are very poor indicators of degree of 
rolling, the sum of the partial extrusions is an excellent indica- 
tor, as shown by Figs. 5 and 9. 

The sole objection to this indicator for use in the field is the 
complexity of its application. It is necessary to measure the 
extrusion of the open end of the tube at the tack-rolled condition 
and again at any time later when a measure of degree of expand- 
ing is wanted. Each time, it is necessary to add the extrusions 
on the two sides of the plate to get the total, requiring communi- 
cation between observers on the two sides of the plate and the 
presence of a reliable man to add the two. As the expander 
must be removed to measure the extrusion of the open end it is 
obvious that the method is not practical for field use on produc- 
tion rolling. 

The increase in the inside diameter of the tube over that at 
contact of tube with seat was found to be quite a satisfactory 
indicator of degree of rolling. This is shown by the plots of 
Figs. 4 and 8. In general, the method of operation is to indicate 
the degree of expansion by the mandrel travel from the ‘‘con- 
tact”’ condition, which for most precise results will require an 
empiric correlation of mandrel travel and increase in inside 
diameter of tube, measured after the withdrawal of mandrel 
and expander, i.e., after the elastic recovery of the tube. In the 
present investigation, the travel of the mandrel was used as an 
indicator during the rolling operation, but more precise meas- 
urements were taken of the inside diameter of the tube after 
withdrawing the tool at final rolling. For purposes of corre- 
lation, improvement was had in the indicated curves by calcula- 
tion of the inside diameter of the tube at time of contact with the 
seat rather than by use of measured values of inside diameter at 
contact. The inside diameter at time of contact of tube with 
seat was calculated on the basis of a constant cross-sectional area 
of tube up to the time of contact. 

The use of the radial displacements of gage points placed on 
the plate adjacent to the tube seat was not used as an indicator 
until late in the investigation. The gage points were placed at 
diametrically opposite positions at equal radii of 2 in. The re- 
sults obtained were not entirely satisfactory but sufficient time 
was not available for a complete exploration of the variables af- 
fecting the indicator. Positioning of the points for the present 
investigation was entirely arbitrary. It is quite possible that 
moving the points away from the tube will bring about more 
consistent results. The measurements made are listed in 
Table 1. 

Table 5 contains the physical test data of materials used in this 
investigation. The tests for which each material was used are 


noted in the table. 
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TABLE 5 PHYSICAL TEST DATA OF MATERIALS USED 
Test Remarks Mod. of Yield Yield Ultimate Slong. % Red. of 
Nos. Mast. Point Strength Strength ia 2" area ¢ 
4 pet (off.=.1%) pei 
) pei 
18- 
19 plate 31500 62750 33.5 58.3 
20- 
91 plate 28000 59000 35 58.6 
9 
gat?) plate 25 31500 71250 33.0 51.7 
0.17" 
tube 32.7 53500 66600 25.9 61.5 
On 0.32" 27.6 40600 40000 59800 38.0 42.8 
tubing 
(2) 0.32" 27.8 52000 110000 16.0 31.8 
tubing 
0.50" 30.5 37250 37800 62000 31.0 61.1 
tubing 
91 0.32" 40750 65830 39.0 51.7 
tubing 


Notes for Table 5. 


(1) Plate used in all tests sudsequent to test No. 92. 
(2) Tubing dored from tool steel stock. 


CONCLUSIONS 

A characteristic variation in seat pressure on the tube, with 
degree of expansion, has been found. The seat pressure rises 
rapidly with increase in degree of expanding to a sharply peaked 
maximum, then falls off equally rapidly to a limiting value which 
is nearly constant. 

Seat pressure increases with thickness of tube but is not re- 
lated to it by a simple law of proportionality. Increase in rela- 
tive hardness of either seat or tube increases the radial pressure 
within limits which appear to be at about 150 Bhn for the seat 
plate. Beyond this hardness there is no appreciable increase in 
seat pressure. From the standpoint of ease of expanding and 
damage to the plate, a soft tube in a hard seat is much to be pre- 
ferred to the opposite condition. 

The sharply peaked maximum in seat pressure appears to be 
clearly due to restraining extrusion of the tube. It does not 
follow that any particular type of grooving will produce the re- 
quired restraint. 

Within the limits of a comparatively few tests, structural 
strengths of expanded joints have been determined and are 
given in the paper. Repeated-loading tests to 1000 cycles and to 
70 per cent of the ultimate load resulted in no reduction of ulti- 
mate strength in either torsion or bending 
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As one of three current papers on the general subject 
of rolling-in boiler, heat-exchanger, and condenser tubes, 
this presentation deals more particularly with the prac- 
tical application of recent tube-expanding equipment and 
methods largely developed by The Babcock & Wilcox 
Company. Progress in the solution of tube-rolling prob- 
lems from 1924, when axial movement of tubes in their 
seats became particularly acute, down to the present time 
is noted by the author; accomplishments in this direction 
being the work of comparatively few engineers who have 
devoted their attention to the various aspects. Only 
since 1940, when a new expander was developed, have the 
weaknesses of the standard expander been overcome, 
making possible the expanding of tubes in seats of un- 
limited width. There are three basic tools for producing 
expanded joints from which all others are derived, the 
roll, the prosser, and the ball-drift expander. Details of 
each are given. The procedures followed are explained 
comprehensively, as is also the function of the ball-drift 
expander used for relatively small tubes in thick seats. 


tubes to drums, tube sheets, and headers is so funda- 

mental to boiler, heat-exchanger, and condenser design, 
that none of the power development of the past century could 
have been made without it. The method developed and almost 
universally used all these years, still constitutes the practice in 
more than 95 per cent of all designs and, where working pressures 
do not exceed 1750 psi, or temperatures of 750 F, this will prob- 
ably continue to be the most practical and economical one. The 
method is the well-known expanded joint, a procedure apparently 
so simple, with satisfactory results so easily produced, that many 
engineers have given little thought to its development or the de- 
velopment of tools necessary for its use. 

The simplicity is deceiving, for actually such a complexity of 
problems enters into the proper design of joints and tools, as al- 
most to defy complete analysis. The apparent simplicity and 
good results with which joints have been made, even with un- 
skilled labor and simple tools, have not encouraged research into 
the methods of making the joint, analysis of the results obtained, 
or a comprehensive study of the theoretical possibilities. There 
is a notable absence of any American literature on the subject, 
the principal exception being two papers by Cope and Fisher.? 
These papers were largely concerned with methods for the deter- 
mination of a properly expanded joint and were real contri- 
butions to the art. The three current papers are largely for the 
purpose of setting forth the theoretical aspects and possibilities 
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' Superintendent of Erection, The Babcock & Wilcox Company. 
Mem. A.S.M.E. 

*“Uniform Automatic Rolling-In of Small Tubes,” by F. F. 
Fisher and E. T. Cope, presented at the A.S.M.E. Semi-Annual 
ne Cleveland, 0., June 8-10, 1942 (to be published early in 

). 

“Rolling-In of Boiler Tubes,’ by F. F. Fisher and E. T. Cope, 
Trans. A.S.M.E., vol. 57, 1935, pp. 145-152. 

Contributed by the Power Division, jointly with the Research 
Committee and presented at the Annual Meeting, New York, 
N. Y., Nov. 30-Dee. 4, 1942, of Tue American Socrety oF 
CHANICAL ENGINEERS. 
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inherent in the design of the joint; the experimental values at- 
tained; and, in this paper, something of the various designs of 
joint, the tools used to produce them, and the technique of their 
use. 


ELEMENTs OF JOINTS 


From its earliest use, the expanded joint has always consisted 
of a hole either in the drum plate, tube sheet, or header wall, into 
which a tube was inserted and expanded. A tool was used which, 
by cold-working, increased the diameter and length of the tube. 
The increase of tube size deforms the metal around the tube hole, 
with a resultant elastic reaction against the tube, holding it in 
place with great strength and resistance to leakage. As long as 
pressures were low and did not involve thick plates, tube seats 
were formed simply by drilling a plain hole in the material 
of the pressure vessel into which the tube was inserted and ex- 
panded. 

As pressures increased, plates became thicker, and the seats 
thereby wider. It is this increased width of seat that has greatly 
complicated the expanded tube joint, as used in most high-pres- 
sure vessels. The cold-working of the tube wall results in an in- 
creased diameter of the tube, a definite increase in its length di- 
rectly proportional to the seat width, and a reduction in thickness. 
The increase in length of the tube within its seat has both ad- 
vantages and disadvantages. The advantage is that, with a prop- 
erly designed seat, deformations on the tube can be forced axially 
against opposing deformations in the tube seat and thereby 
greatly reduce the tendency to leak. The deformations may be 
made by grooving the tube seat or rough-machining it, the tube 
being expanded into these. 

The disadvantages are twofold: 

1 During the expanding operation, as the tube moves axially 
along the seat, all projections on both tube and seat are placed in 
high shear; should this movement, which is maximum at the outer 
ends of the seat, exceed safe design factors, which will be set forth 
later, the keys produced purposely by machining grooves into the 
seat, and the lesser ones resulting from machining the tube 
and seat normally, may be either sheared completely or so dam- 
aged that leakage occurs at much reduced pressures. 

2 As the tube moves axially, it is extruded from the seat with 
a force which may approach, in some cases, the ultimate strength 
of the tube section itself. It is obvious, then, that structural 
stresses are imposed not only upon the extruded tube and its 
joints, but on adjacent tubes and joints as well. These stresses 
are at a maximum when straight short tubes are expanded into 
rigid thick heads. 

The problems involving the axial movement of tubes in their 
seats became acute about 1924, with the great increase of steam 
pressures and the consequent increased thickness of tube sheets. 
A considerable research program, conducted by A. W. Lienau,* 
the results of which are unpublished, was undertaken at that time 
to establish definite design data and expanding technique to sat- 
isfy the new conditions. Lienau found that with a standard 
roller expander (the tool in common use for producing expanded 
tube joints), optimum holding-power values were obtained when 
the seat width was between 1!/, and 1!/, in. 

The reason for an optimum width of seat existing somewhere 
between 1!/, and 1!/, in. is that in this range the axial move- 


3 The Babcock & Wilcox Company, New York, N. Y. Mem. 
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ment of the tube reaches a point at which the keys formed during 
the tube-expanding process begin shearing off at the outer limits of 
the tube seat or at the points of greatest movement. Any width 
beyond these values contributed nothing to holding power and, 
in most cases, actually reduced resistance to leakage. He further 
found that the axial movement of the tube within its seat could 
be used advantageously if grooves were machined in the tube seat 
into which the metal of the tube could be forced; the axial move- 
ment then brought these projections on the tube sharply against 
the outside edges of the grooves, effectively keying and sealing 
the joint against leakage and, at the same time, greatly in- 
creasing its holding power. With the addition of the grooves, 
again all experiments indicated an optimum seat width of 1'/, 
to in. 

Research was conducted into types of grooving, including 
single, multiple, narrow, broad, and combinations of these. He 
found that two grooves about */3: in. in width, !/32 in. in depth, 
and separated 7/,5 in. on centers, located in the center of the seat, 
gave the best all-round results. This width of groove developed 
sufficient shear values to insure adequate holding power. The 
depth of groove was kept shallow because excessive rolling was 
necessary to fill a groove deeper than !/39 in., in fact, it is seldom 
necessary to roll more than 0.015 to 0.020-in. projection into the 
grooves. 

The two grooves separated by a land were found superior to a 
wide groove, because the intervening land backed up the tube 
during the expanding operation and thereby produced a desirable 
axial movement in the tube between the outside edges of the seat 
grooves, so necessary for tightness. The holding power of this 
type joint was not essentially different from one where the land 
was omitted and a single wide groove used, but its resistance to 
leakage was materially increased. 

It was developed in these experiments that a groove or grooves 
definitely controlled the direction and amount of extrusion of the 
tube from the seat during the expanding operation. When placed 
in the center of the width of the seat, the extrusion is practically 
uniform and at a minimum in each direction and, therefore, pre- 
dictable from the standpoint of design. Without a groove or 
grooves, the tube anchors during expanding at the point of great- 
est friction in the length of the seat. This results in greater ex- 
trusion from one side of the tube sheet than the other. The un- 
controlled axial travel is then sufficient to shear away 
locking keys from the tube and its seat at the point of greatest 
travel. 

The plain tube seat, from 11/,to 1!/, in. in width into which 
a tube is properly expanded, can be made and maintained hydro- 
statically tight for any commercial pressure only so long as the 
forces operating on the joint are due wholly to the pressures 
within the vessel of which the joint may bea part. Pressures 
in excess of 10,000 psi are normally used to test such joints for 
tightness in the development of expanding equipment, and with 
adequate testing equipment could be carried much higher. How- 
ever, in the modern high-pressure high-capacity boiler, simple 
conditions satisfied by plain seats do not exist. Forces due to 
structural design operate on the joint cumulatively with those 
produced by hydrostatic pressure. Temperature differentials 
during operation add further complications to the problem 
of securing adequate holding power and resistance to leakage. 
Lienau’s investigation of these problems indicated that all joints 
withstanding pressures in excess of 450 psi, and on which any 
structural stress was imposed, as well as those subjected to tem- 
peratures above 750 F, should be grooved. Cassidy‘ gives values 
for smooth seats, one-groove seats, and two-groove seats of the 

4“The Trend of Modern Boiler Design,”” by P. R. Cassidy, pre- 
sented at a meeting of the Engineers’ Society of Western Pennsylvania, 
Oct. 15, 1935. 
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type described previously in his paper. Assigning a holding- 
power value of 100 to the plain drilled seat reamed to size, the 
same seat with one groove becomes 139 and the double-grooved 
seat 153. These same relative values are assigned to leakage re- 
sistance. 

The holding power of any expanded joint is due to the unit 
pressure existing between tube and seat resulting from the ex- 
panding operation, the character of the surfaces in contact, and 
the area of those surfaces. Due to expander design, as Lienau 
discovered, tube-joint areas were limited by the maximum 1!/,- 
in. width of seat, making necessary the counterboring of tube 
sheets in various ways to limit this width. The counterboring 
always appreciably reduced the ligament section and added other 
undesirable complications, among which was the difficulty of ex- 
panding typical counterbored joints such as that shown in Fig. |, 
and the unbalanced stresses in the tube sheet, resulting from the 
tube seat being an uncentered fractional part of the total thickness 
of this sheet. 


New ExpaNDER DEVELOPED 


In 1940 an expander was developed by The Babcock & Wilcox 
Company which overcame these weaknesses of the standard ex- 
pander and made possible the expanding of tubes in seats of un- 
limited width. This greatly simplifies the over-all problem, 
since the seat becomes a plain drilled hole having normally two 
grooves located near the outer or fire side of the sheet. The tube 
is expanded the full width of the seat whatever that width may 
be. There is practically no extrusion (1/4 in. average) from the 
outer surface of the tube sheet, hence no structural stresses due 
to extrusion are incurred. The remainder of any extrusion is 
curried to the inside of the drum; all grooves either those of de- 
sign or those due to normal machining are adequately filled re- 
gardless of location, making possible a joint capable of develop- 
ing, if desirable, the ultimate strength of whatever tube section 
may be used. Since the full thickness of the sheet is used as a 
seat and the holding power of the joint is approximately a direct 
function of the surfaces in contact, such a joint need not be cold- 
worked to the degree necessary with former joints to produce 
equivalent strengths. This joint is shown in Fig. 3. Modifi- 
cations and combinations of all these joints have been used to 
meet specific conditions but basically they react according to 
the values herein set forth. 

To produce the expanded tube joint there are three basic tools 
from which all others are derived, the roll, the prosser, and the 
ball-drift expander. Of these, the roll expander is by far the most 
useful and widely used. The prosser has but little use except 
with low-pressure vessels having very thin tubes and narrow seats. 
It need not be considered in this paper. 

The roll expander has now been used for more than 75 years. 
It consists essentially of three or more rolls mounted in and sepa- 
rated by acage. Through the center of this cage and between 
the rolls a tapered mandrel is forced, thereby moving the rolls 
radially against the restraint offered by tube walls. By rotating 
the mandrel], equivalent motion is given to the rolls. In all of 
these years the roll expander has progressed from the original 
“taper-rolling”’ form, through “parallel-rolling’’ and “self-feed- 
ing’ types. The self-feeding feature made possible the applica- 
tion of power to the tool, and improvements in the steel of which 
it is made and in its heat-treatment gave the rolls and mandrels 
the ability to withstand the great pressures necessary to deform 
not only low-carbon-steel tubes with wall thicknesses occasion- 
ally in excess of */, in., but many of the alloy tubes of equal 
weight. The roll expander is now an exceedingly rugged and ver- 
satile tool, capable of expanding any weight of tube in commercial 
use. 
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Goodier and Schoessow® bring out an important and signifi- 
cant difference between the action of expanders having a small 
number of rolls and one which exerts a uniform pressure on the 
inside of the tube. As shown by their Fig. 4, the zone of influence 
of the roll expander is concentrated close to the hole as compared 
with a wide zone of influence (as shown by slip lines) in uniform- 
pressure expanding. 

Prior to 1938, it was the general practice to use four-and five- 
roll expanders for the majority of applications. With rolls of 
this number, it was found possible to balance completely the 


‘“The Holding Power and Hydraulic Tightness of Expanded- 
Tube Joints,” by J. N. Goodier and A. J. Schoessow, presented at 
the Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, 
of Taz American Society oF MECHANICAL ENGINEERS. Published 
in this issue, p. 489. 
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action of the belling rolls. It was found, however, that this bal- 
ance Was unimportant in producing a sound joint, but that the 
effect in the ligament of the use of the greater number of rolls was 
distinctly harmful and detracted from optimum tube-joint val- 
ues. Extensive experiments were conducted by J. P. Craven® 
who measured the plastic flow produced in tube seats of equiva- 
lent holding power using expanders of three-, four-, and five-roll 
designs. The results were so decidedly favorable to the three- 
roll expander that it was adopted for all except very special work. 

It is a well-known fact that roll expanders with a greater 
number of rolls than three have a tendency to roll any hole in 
which they may be used to a circle, the degree of exactitude being 
a function of the number of rolls. Bearing manufacturers have 
utilized this principle by the design and use of expanders with a 
great number of rolls to bring journals to exact size and circu- 
larity. These multirol] expanders are very useful to boiler-main- 
tenance men in truing up eccentric tube holes, making them as 
nearly circular as possible without removing ligament strength 
by reaming. In commercial practice, a drilled tube hole is 
never exactly round. It is also true that no hot-finished seam- 
less tube is either exactly round or has walls of exactly uniform 
thickness completely around its periphery. It is also true that 
the inside circle of the tube is never exactly concentric with the 
outside. From this it is obvious that the tube hole must be 
reamed at great expense to make it exactly round, and the tube 
upset and machined exactly round externally and internally, if 
an expander having more than three rolls is to give completely 
satisfactory joints wherein all parts of the tube and its seat are 
uniformly stressed. 

This is not the case with the three-roll expander, since the load- 
ing and consequently the stresses produced are exactly the same 
for each rol], and opposite each roll. With the three-roll ex- 
pander, it becomes possible to obtain, without any special machin- 
ing, an optimum expanded tube joint, using ordinary drilled holes 
as tube seats and the standard hot-drawn seamless tube without 
any special preparation except that all mill scale must be removed 
from tube surfaces in contact with tube seats. The removal of 
all mill scale, oil, water, or foreign material of any kind is vital to 
the success of any expanded joint by whatever means produced. 


MakING EXPANDER JOINTs WITH THE THREE-ROLL EXPANDER 


To illustrate the ease with which expanded joints may be made 
with a three-roll expander under difficult conditions of “out of 
roundness” three experiments are submitted. The first, illus- 
trated by Fig. 4, is of a round tube with a wall thickness of 0.387 
in., the inside circle of which was bored oval-shaped, the major 
axis of this oval being '/s in. greater than the minor. This tube 
was expanded into a round tube seat made in boiler plate 1'/, 
in. thick. After expanding, the usual tests for tightness were 
made. The joint did not leak at 10,000 psi, which was the highest 
pressure that could be applied with the equipment available. In 
Fig. 4, a white line has been drawn around the tube at its outside 
and inside peripheries. This white line in each case is a true 
circle. The discrepancy between it au. the tube circle represents 
the “out of roundness.” 

In Fig. 5 is illustrated another condition where the hole in the 
plate forming the tube seat is machined to an oval, again having 
a major axis '/s; in. greater than the minor. Into this a round, 
commercially concentric tube was expanded. This joint was 
tested to 10,000 psi with no leakage. Again the white line inside 
and outside the tube indicates true circularity. 

A third experiment is illustrated in rig. 6, in which the tube 
hole was machined oval with a difference between major and 


6 Assistant to Superintendent of Erection, The Babcock & Wilcox 
Company, Barberton, Ohio. 
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minor axes of 1/s in., and the inside of the tube likewise machined 
to an oval with a difference in major and minor axes of !/s in. 
This tube was then expanded into the plate with the major axes 
of the ovals at 90 deg to each other. In this experiment, the hy- 
drostatic test still indicated an absolutely tight joint at 10,000 
psi. 

During the past 4 years the three-roll expander has been used, 
to our knowledge, to erect 1492 stationary boilers of various sizes, 
from a small heating boiler to the 900,000-lb per hr 1500-psi 
public-utility type. A larger number of marine boilers have been 
erected with it. In 91.3 per cent of the boilers erected, the pre- 


liminary hydrostatic tests indicated a few “weeps” in each boiler 
needing light rerolling. They were passed as “bone” dry on the 
second test. In 8.6 per cent of the boilers erected, two prelimi- 
nary tests and one final test were necessary before a bone-dry 
condition was obtained. 


SurFraceE oF EXPANDER ROLLERS 


There are two other serious problems connected with the use 
of roll expanders. To secure parallel rolling it is necessary that 
the rolls be tapered. It is quite obvious then that the surface 
speed of such rolls must differ from end to end in their rotation, 
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being greater at the large end than the small. Neces- 
sarily then, the roll must slip on the tube surfaces 
being expanded. This slipping occurs at pressures 
greatly beyond the yield point of the tube, and any sur- 
face irregularity in either tube or roll will as a result 


produce flaking of the tube surface. The remedy for 


this is to reduce the friction between the roll and tube = -———— 
to an absolute minimum, This can be accomplished 
by keeping the roll to minimum length and taper, by oe 
removing all mill scale and other foreign matter from 
the surfaces to be rolled, by removing any outstanding §= 


metallic irregularities, and by supplying a lubricant 
whose film characteristics closely approach the lub- 
ricant used in the production of cold-drawn tubes, the 
expanding operation in this respect being quite similarly 
related to the cold-drawing operation. In selecting 
such a lubricant, care must be taken that it can be com- 
pletely removed by boiling out before the vessel goes 
into operation. No mineral oil or grease has been found 
that will satisfy the requirements. Castor and other vegetable 
oils were tried without success. Castor oil makes a reasonably 
satisfactory lubricant, but after standing a short time on the tube, 
oxidizes to the point where it is almost impossible to remove by 
any boiling-out procedure. 
similar manner. 


Most other vegetable oils react in a 
The lubricant found to give best results was an 
adaptation of that used in the manufacture of cold-drawn tubes, 
which not only gave satisfactory lubrication, but being water- 
soluble, was easily removed by the boiling-out process. 


PROBLEM OF TEMPERATURE DIFFERENTIAL 


The second problem is brought about by a temperature dif- 
ferential between the tube and its seat as a result of the expand- 
ing operation. The work done in cold-working the tube plus 
friction, due to the tapered roll slipping, creates a considerable 
difference in temperature between the tube and its seat which, 
depending upon the thickness of the tube, the width of the seat, 
and the speed at which the expander is operated may range from 
10 F to as much as 50 F: Fig. 7 shows graphically what hap- 
pens to the holding power of the tube as a result of such differen- 
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tials. Obviously if a temperature differential occurs as a result 
of rolling, a reduction in holding power is indicated when the tube 
cools to equilibrium with the seat. Since the only factor, which 
can be readily and practically controlled in the elimination of this 
temperature differential, is the rate of rolling; a procedure involv- 
ing this controlled rate, which will give to the joint its final ex- 
pansion without an appreciable temperature differential, is re- 
quired. 

The problem seems to be best solved by doing the expanding of 
heavy tubes in two or more stages which is found not only to cor- 
rect. the temperature-differential problem, but has other advan- 
tages as well. The rough heavy expanding is done by using a 
so-called “bumping roll” in all tubes in excess of 5/;. in. wall 
thickness. The bumping-roll expander, shown in Fig. 8, is a 
conventional three-roll self-feeding expander with rolls tapered 
on each end, in order to leave an effective roll length of about 1 in. 
which operates exclusively and immediately over the grooved por- 
tion of the tube seat. After standing until heat equilibrium is 
reached, but preferably for a considerable time beyond, a standard 
three-roll expander covering the full seat width is used to com- 
plete the joint, and is manipulated in such manner that no traces 
of the “bumping” operation remain. 

Use of bumping rolls in this way enables full utilization of the 
principle developed by Grimison and Lee’ in a companion paper, 
that, if extrusion of the tube from the seat can be effectively pre- 
vented or limited, maximum radial pressure of seat on tube can be 
developed. It also promotes use of the principle developed by 
Lienau and referred to earlier, that, if an axial compression can be 
set up between the shoulders of two grooves in the seat, a tighter 
joint will result. 

The “bumping” expander also materially assists in reducing 
flaking. It has been pointed out that flaking is caused by the slip- 
ping of the expander roll on the tube wall. The longer the roll, 
the greater difference in surface speed between each end of the 
roll, and the greater the tendency to flake. By first using a 
“bumper,”’ the zone of expanding is divided into shorter incre- 
ments in contact with the rolls, a desirable condition which con- 
tinues until the finishing standard expander engages its full 
length. 

By the use of the multistage method of expanding, the oceur- 
rence of leakage after a boiler is put into operation has been 
largely eliminated. In three instances, bad leakage was had, as 


7 “Experimental Investigation of Tube Expanding,” by E. D. 
Grimison and G. H. Lee, presented at the Annual Meeting, New 
York, N. Y., Nov. 30-Dec. 4, 1942, of Tuz AMERICAN SocleTy oF 
MECHANICAL ENGINEERS. Published in this issue, p. 497. 
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detailed later, which was definitely the result of faulty joint de- 
sign. Otherwise it has not been necessary in the past 4 years to 
reroll a tube after it was placed in service on any boiler, within the 
knowledge of the author. 


RETRACTIVE EXPANDING 


All that has been set forth in this brief description of the ex- 
panded joint and the tools to produce it has been with the prem- 
ise that such expanded joints are made in seats not exceeding 
1'/, in. inlength. With the standard expander, as has been re- 
peatedly set forth, this represents the extreme. This limitation, 
however, is had with the standard propulsive-type self-feeding 
roll expander, the only tool available, until 1940, for making 
roll-expanded tube joints. With this standard tool it is necessary 
for the expander rolls to be in contact with the tube the entire 
width of t e seat. The extrusion of the tube beneath such long 
rolls was so great that it sheared and abraded the outer surfaces of 
the tube seat, making greater widths than 1'/2 in. impractical. 

Every theoretical consideration and cumulative experience 
with ball-drift expanding of tubes (to be discussed later) in thick 
plates indicated that, if a joint could be made in which small in- 
crements of the tube were expanded progressively from one side 
of the seat to the other, and where the axial movement of each 
increment is correspondingly small, the resulting extrusion will 
largely take place before the remainder of the expanded part of 
the tube is in heavy contact with the seat. The total extrusion of 
such a joint would not be changed, but if allowed to occur on the 
outside of a thick drum would greatly increase the structural load- 
ing, a problem which has been discussed previously. 

If travel of the roll expander could be reversed, and the ex- 
panding operation started from inside the tube progressing 
toward the open end, the extrusion resulting from such rolling 
would take place on the open end of the tube inside the drum, in- 
creasing the tube projection, but imposing no structural stresses 
on either the expanded tube or upon its previously expanded 
neighbors. As the standard expander self-feeds both axially and 
radially, it could not be reversed, and a new design was necessary, 
as shown in Figs.9and 10. It is essentially a three-roll axially 
self-feeding expander, in which the radial pressure of the rolls 
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against the tube is produced by a tapered mandrel retracted by a 
fine screw. The expander is inserted in the tube, as illustrated in 
Fig. 9, to a point where the rolls engage the tube opposite the 
outer edge of the tube seat. The screw retracts the mandrel to 
a point where the tube inside diameter has been increased by a 
predetermined amount. The mandrel is then rotated in the same 
manner as with a standard expander, the rolls traveling toward 
the open end of the tube and extruding the tube material ahead 
of them into the drum. 

The mandrel position does not change with relation to the rolls 
after the initial screw adjustment, thus maintaining the same in- 
crease in tube inside diameter and therefore the same radial pres- 
sure throughout the seat width. The initial mandrel position can 
be set to increase the tube inside diameter to a value correspond- 
ing to the optimum seat pressure on the tube as determined by 
Grimison and Lee’s experiments.?— Where variations in clearance 
and tube thickness are not held to an acceptable minimum for 
this method, it may have to be supplemented by another indicator 
such as mill scale cracking on the plate surrounding the seat or by 
extrusion as measured at the open end of the tube. 

The rolls of the retractive-type expander are the absolute mini- 
mum of length required for self-feeding. The extrusion of the 
part of the tube directly under the rolls therefore is small and, if 
the increase in the tube inside diameter is set by positioning the 
mandrel to give optimum radial pressure, the effect will not be 
lost by excessive extrusion shearing off bore marks in the seat. 
The retractive-type expander develops maximum radial pressures 
in thick seats, greatly in excess of what would be possible with a 
propulsive type, as has been indicated by earlier experience. 

The first three jobs erected using this type of expander were not 
tight on initial rolling and had to be rerolled fairly generally to 
make them tight. It was developed that this failure to achieve 
initial tightness was due to faulty location of the grooves. At 
that time the grooves in the seats were located near the inside edge 
of the seat; i.e., in that portion last rolled by the retractive ex- 
pander. This meant that the extrusion which took place after a 
shoulder was formed against the edge of the groove, was sufficient 
to shear off the tongues of tube metal previously formed in the 
tool marks in the whole width of seat rolled-in previously. 

On all units rolled in after these first three, the grooves were |o- 
cated on the fire side of the seat. This is the portion of the seat 
width rolled first by the retractive expander. This change in 
groove location allowed the new type expander to develop fully 
its fundamental principle. During the last 2 years the new tube 
seat and the retractive expander have been used on more than 100 
very thick high-pressure drums. There has been no difficulty 
with leakage in this time other than the three cases first ex- 
perienced. 

This tool is limited in application and is essentially for use in 
drums where plate thicknesses exceed 2'/; in. It is also not 
adaptable to tubes under 2'/, in. in diameter. 


Baut-Drirr ExPANDER 


The expanding of relatively small tubes into thick seats with 
roll expanders presents several serious problems. As in the 
larger tubes, the first concern is that of axial movement within 
the seat. The shearing action between tube and seat materially 
reduces the holding power of the joint. The axial movement in 
a large number of cases, where small-diameter straight tubes are 
used to connect fixed heads, results in deflection or buckling of 
those tubes. 

A second problem encountered in roller-expanding small tubes 
in thick seats is flaking of the rolled surfaces previously discussed 
in this paper. A third is the very small size of rolls and mandrels 
made necessary by the small space in which they must be used. 
Consequently, breakage and other grave difficulties arise. 
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MAXWELL—PRACTICAL ASPECTS OF MAKING EXPANDED JOINTS 


If a ball slightly larger than the theoretical diameter of the ex- 
panded tube is forced through the portion of the tube to be ex- 
panded, the resultant effect is an increase in the size of the tube 
which approximates the results obtained by use of the roller ex- 
pander. Obviously, if the tube is to be left at the theoretical ex- 
panded diameter for proper holding power and tightness values, 
the ball must be larger than this diameter because of the resilience 
of the tube and tube-seat ligament which is being worked elasti- 
cally. In passing this ball through the tube the effect is that of 
expanding increments of the tube of infinitesimal length succes- 
sively from one side of the tube seat to the other. For this reason, 
all axial movement of the tube takes place in these infinitesimal 
increments as they are being expanded and the cumulative effect 
is passed on to that portion of the tube which has not yet been ex- 
panded and is, therefore, not yet in contact with the seat. This 
eliminates the shearing action between tube and seat at the outer 
edges of the seat. 


The ball-drift expander is shown in Fig. 11. The drift may be 


Fig. 11 


Bauu-Drirr ExPpANDER AND HAMMER 


driven from the open end of the tube, in which case a solid ball 
may be used. On the other hand, it may be operated retrac- 
tively, by using a ball modified to a ringlike band, the outer sur- 
face being split to allow expansion by a conical mandrel. The 
entire assembly is placed inside the tube to the proper distance, 
the ball held rigidly in place and the mandrel pulled through it 
until the ball section expands to a predetermined size. The en- 
tire assembly is then pulled through the tube, expanding it in a 
manner identical with driving the solid ball into the tube. The 
important difference is that all extrusion is toward the free or open 
end of the tube in using the retractive-ball-drift expander. There 
are therefore no longitudinal forces developed in the tubes. 
Straight tubes of any length may thereby be expanded into heads 
of any thickness. This Jatter property is more important in heat 
exchangers than in most boiler work. 

Since a ball may be considered an expander with an infinite 
number of rolls, it would be expected to produce a certain amount 
of plastic flow in the tube seat, if made large enough. These 
imaginary rolls are infinitesimal in length, and there exists an 
extremely high reaction against the tube seat around the entire 
perimeter of the tube hole. The width of this band at any one 
time is so small with relation to the width of the total tube seat 
that there is ample ligament to support the reaction and minimize 
plastic movement of the ligament. Although the ball makes line 
contact around the inside of the tube, the zone of influence on the 
tube seat is not a line, but a band of some indefinite width. Due 
to the variation of strain in the tube walls, the forces exerted in 
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this band vary from a maximum opposite the diameter of the ball, 
to a minimum some unknown distance away from this diameter. 
As the thickness of the tube wall increases, the band of reactions 
higher than yield-point value increases in width on the tube seat. 
If the ratio of the width of this band to the width of the tube seat 
becomes sufficiently high, plastic movement of the ligament takes 
place in the tube seat, and the ball fails to produce a satisfactory 
expanded joint. This definitely limits the scope of this expanding 
method to small thin-walled tubes with medium to infinitely wide 
seats. 

Within the scope of its use, this expanding operation which is 
known as the ball-drift method overcomes the most serious ob- 
jection to roller expanding by producing an expanded joint where- 
in the tube is equally well keyed to the tube seat across its entire 
width. A ball of relatively large diameter which makes line con- 
tact only, with the comparatively soft metal of the tube, is used. 
The ball retains its original surface polish throughout a consider- 
able number of expanding operations. As this ball makes only 
one or two passes along the tube surface, any tendency toward 
flaking is not cumulative. 

If the surface of the ball is properly hardened and polished, and 
a suitable type of lubricant used, no flaking of the tube surface is 
detectable. Actually, the surface of a tube which has been ex- 
panded with a ball drift, properly made and used, is left with a 
mirrorlike polish. 

A problem of paramount importance in the use of the ball- 
drift expander is the selection of the proper size of ball to make a 
properly expanded joint. This must be determined experimen- 
tally, by methods such as those reported by Grimison and Lee.” 
In the small tubes to which this type expander is adapted manu- 
facturing tolerances are sufficiently close so that all tubes of any 
nominal size and gage can be expanded with a very limited range 
of ball sizes. 

OptimuM EXPANDING 


Probably the most controversial issue connected with tube ex- 
panding of all types is the practical determination of the point in 
the expanding operation at which optimum results are obtained. 
In other words, at what point in the expanding operation shall it 
be stopped? That point is reached when the seat metal sur- 
rounding the tube exerts an elastic reaction slightly below the 
elastic limit of the metal. Goodier and Schoessow® have shown 
that to have this result after release of expanding pressure and 
withdrawal of the mandrel, it is necessary to deform the seat 
plastically by application of the expanding pressure. This is 
often undesirable because of its effect on adjacent tube holes and 
expanded joints, and a better result is attained by expanding some- 
what short of the maximum radial pressure and using a wider 
seat to compensate for the lower seat pressure. 

The practical measurement of this reaction in the tube seat is a 
very difficult problem for production expanding, as distinct from 
experimental work. It is therefore necessary to use empirical 
methods which will give results within the limits of commercial 
practice and tolerances. Fisher and Cope? have stated that the 
accurate measurement of the extrusion of the tube is a sufficient 
indicator. With this the author is in entire agreement, but only 
so long as the conditions under which each individual tube is 
rolled are identical and the total extrusions of the tubes in both 
directions are measured. Hardnesses cf tubes and seats must be 
identical. The point of anchorage in expanding each tube, which 
determines the direction and amount of extrusion, must be the 
same. Each tube must be free of restraint to an equal degree 
outside each tube seat rolled, a condition seldom approached in 
any boiler design. The tube diameters and tube holes should be 


approximately the same size for each joint and the manipulation 
of the extensometer must be accurately done. 


Within a labora- 
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tory where all of these conditions are controllable, the measure- 
ment of extrusion is a tool giving almost an exact measure of the 
holding power of the tube. In the field, where any one or all of 
these conditions may vary, widely divergent results occur, which 
make necessary the rolling of all joints to meet the most unfavor- 
able conditions. 

Grimison and Lee? advocate the use of an increase in tube in- 
ternal diameter (after contact) a device represented practically 
by mandrel travel. This is also recommended by Braun and 
Fleischmann.* This method is satisfactory when the tubes and 
seats are accurately machined or drawn to size. This is the case 
in naval boilers, using cold-drawn tubes in accurately drilled and 
double-reamed holes. In roll-expanding such tubes, mandrel 
travel is used, and, in drift-expanding its equivalent, judicious 
selection of size of the ball drift. 

Lienau, Seibel, Oppenheimer, and other experimenters have 
tried measuring power input to an expander, correctly assuming 
that if conditions could be maintained uniform, the holding power 
of the joint was a function of the power input to an expander. It 
was evident to all of them that every variable between joints was 
reflected in a change in power requirement, making it probably 
the least accurate of allindicators. If every condition of surface, 
size, hardness, and friction can be held uniform, this method can 
be used as shown by Fisher and Cope? in their work with small, 
nonferrous tubes in heaters. 

From the earliest use of the parallel-roll expander, the ex- 
perienced skilled mechanic has watched with careful attention 
the appearance of scale-cracking at the edge of the tube hole 
during the expanding operation. This invariably indicated, in an 
accurate way the beginning of plastic flow at that point. Grimi- 
son and Lee’s observations confirm the belief that the beginning 
of cracking of the mill scale around the seat indicates closely the 
attainment of the optimum degree of expansion. Goodier and 
Schoessow indicate the necessity of carrying plastic deformation 
into the seat to get maximum seat pressure. These theoretical 
and experimental observations confirm our belief in the cracking 
of mill scale as a reliable, but approximate, indicator of attain- 
ment of the optimum degree of expanding. Duplicate boilers, in 
the same location, erected by the same men, but using scale- 


* “The Rolling-In of Upset and Close Tolerance Machined Tubes 
for Cracking Furnace Installations,” by F. C. Braun and M. Fleisch- 
mann, Refiner and Natural Gasoline Manufacturer, vol. 19, July, 
1940, pp. 53-59. 
® Reference (2), first item. 
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cracking on one as opposed to different methods of indicating 
proper expanding, have shown the superior results obtained by 
observation of this simple phenomenon. 

Fig. 12 shows the appearance of the metal around a normally 
expanded tube. This tube joint did not leak at 10,000 psi and 
failed in tension at 69,000 lb axial pull. 

As pointed out in a companion paper, this method is applicable 
only when mill seale is present, which is not always the case. 
Considerable experimentation has been carried on, under the 
author’s direction, in the use of brittle varnishes and other brit- 
tle coatings to take the place of mill scale. The difficulty en- 
countered has been the variable effect of the temperature pro- 
duced by rolling, on the coatings. Mandrel travel or equivalent 
measures must be accepted as the most accurate indicator in such 
cases. 


= ; 
4 
a 
dae 
: : 
‘ 
q 
= 


Discussion—Expanded Tube Joints 


P. R. Cassipy.?- Most experienced men who expand tubes 
judge the extent of proper expanding by what they call the 
“feel” of the expander. What they really mean is an integration 
of experience which indicates probably sound results. At times 
such men expand a tube which leaks on the hydrostatic test. 
Their reason will be that there was something wrong with the 
tube, the seat, or the expander. 

Mr. Maxwell has stated in his paper ** that with the retractive 
expander and a properly designed seat, more than 100 drums for 
high pressure have been expanded in the last 2 years without a 
leak. While the record on lower-pressure drums below the range 
of retractive expanding is not perfect, Mr. Maxwell states there 
has been no leak in initial service in such boilers for 4 years. 

The research covered in Messrs. Grimison and Lee’s paper’ 
has been in progress for about a year. As in any basic research, 
they followed a few false scents before they found the right trail. 
They have indicated the need for additional work and have shown 
the direction to follow. 

Messrs. Goodier and Schoessow" have clarified the theory of 
stress-and-strain distribution in tubes and seats. The writer 
has not found practicable conclusions or useful correlation of facts 
in the bibliography referred to, particularly the foreign. 

It was desired to tabulate the probable distribution of yield 
point and hardness of hot-finished and cold-drawn boiler tubes, 
grade A and medium carbon. It was expected that the upper and 
lower limits, and the mean, as affected by the range in chemistry 
and history of production would be indicated. We found that the 
amount of work involved would interfere with tube production 
and therefore could not be tolerated under war conditions. It 
is hoped that a return to normal conditions will permit correlation 
of such data with radial pressure for a given geometry of tube and 
seat and a given method of expanding. It should be unnecessary 
to expand a tube to predict the probable radial pressure, and the 
range between limits. 

Please note that these three papers are signed and presented by 
the men who have done the work. They have had advice and 
guidance only where needed or asked for. The control of the re- 
search and direction of action was by a committee consisting of 
the authors and a few others. The results confirm the soundness 
of the method. 


E. T. Cope.’ The practical aspects of tube rolling of necessity 
take precedence over the theoretical because the heat exchangers 
in which the tubes operate are a joy or a grief to plant men in 
direct proportion to freedom from trouble. Often the rolled 
joints are the seat of such trouble. The writer is glad to discuss 
Mr. Maxwell’s paper!* because most of his experience has been 
with the purely practical side of tube rolling. 

The author states that the maximum useful length of a rolled 
boiler-tube joint is 1"/; in. This conclusion does not agree with 


‘ Papers to which these discussion3 apply are as follows: 

(a) ‘Practical Aspects of Making Expanded Joints,” published 
on page 507 of this issue of the TRANSACTIONS. 

(b) “Experimental Investigation of Tube Expanding,’’ published 
on page 497 of this issue of the TRANSACTIONS. 

(ec) “The Holding Power and Hydraulic Tightness of Expanded 
Tube Joints: Analysis of the Stress and Deformation,”’ published 
on page 489 of this issue of the TRANSACTIONS. 

* Lieut. Colonel, Corps of Engineers. Mem. A.S.M.E. 

* Research Department, The Detroit Edison Company, Detroit 
Mich. Mem. A.S.M.E. 

‘Rolling Tubes in Boiler Plates,’” by P. A. Oppenheimer, Power, 
vol. 65, Feb. 22, 1927, pp. 300-308. 


the conclusions of Oppenheimer,‘ of Seibel,® and of the writer and 
his associates.*-?7, Oppenheimer states: 

“Tt was found by tests..... that the holding force depends on 
the following factors: 

“2 It is proportional to the thickness of the plate... .”’ 

Siebel concludes: 

“It was found that the pressure at which the joint leaked or 
loosened increased with the thickness of the plate.” 

Results of the work done by the writer and his associates are 
shown in Table 1 of this discussion. 


TABLE 1 EFFECT OF TUBE-SHEET THICKNESS ON HOLDING 
STRENGTH OF JOINT 


Tube Tube wall Tube sheet? Holding 
diam, thickness, thickness, strength, 
in. in. in. psi 
31/4 0.180 1 2800 
3'/4 0.180 21/4 4250 

4 0.180 1 1100 

4 0.180 21/6 3800 


@ The joint extended entirely through the plate. 


The writer agrees in principle with the author’s statements re- 
garding the effect of grooves in the tube-sheet hole. He has re- 
ported his findings elsewhere. The double V-groove with a 
narrow land between the V’s, placed at the center of the length 
of the tube seat, was most effective. 

The “new expander’”’ described by the author finds its counter- 
part in one illustrated in a German catalog® bearing the date 
1934. A similar tool was made in 1939, by a prominent American 
manufacturer of power-station equipment. Neither of these tools 
appears to have had wide use in this country. 

Advocacy of the three-roller expander, voiced strongly by the 
author, does not find support in the writings of European engi- 
neers. Two of these are quoted. Thum and Jantscha"™ arrive 
at the following conclusion: 

“With the rolling methods used today (1930), however, the 
best degree of rolling cannot always be produced with certainty 
....4an inerease in the number of rollers with consequent more 
uniform distribution of the roller pressure is advantageous.” 

And further: 

“The attempt to reduce the permanent deformation of the 
holes in the header (tube sheet) has been successful with the 
five-roller expander. The five-roller expander is especially to be 
recommended where, on account of a thin sheet, and on account 
of a material that does not work-harden much, the seat would 
give too much; it is also to be recommended wherever the hole 
has already been considerably expanded through frequent chang- 
ing of boiler tubes.” 

Lieberherr™ arrives at the following conclusion: 


5 “‘Walzerbindungen,”’ by Erich Siebel, Stahl und Eisen, vol. 53, 
Nov. 23, 1933, pp. 1205-1215. 

6 “Rolling-In of Boiler Tubes,” by F. F. Fisher and E. T. Cope, 
Trans. A.S.M.E., vol. 57, 1935, pp. 145-152. 

7“The Latest Method of Rolling Boiler Tubes,’”’ by F. F. Fisher 
and E. T. Cope, Proceedings of the 13th General Meeting, National 
Board of Boiler and Pressure Vessel Inspectors, 1941, pp. 98-110. 

8 [bid., Fig. 6. 

®“‘Apparate und Maschinen fiir die Rohrbearbeitung,” Kotthaus 
and Bush, Remscheid, Rheinland, Germany, 1934. 

10 ‘“‘Einwalzen und Einpressen von Kessel- und Uberhitzerrohren bei 
Verwendung verschiedener Werkstoffe,” by A. Thum and R. Jantscha, 
Archiv fiir Warmewirtschaft und Dampfkesselwesen, vol. 11, 1930, pp. 
397-401. 

11 Beanspruchung der Trommeln eines Wasserrohrkessels,” 
by A. Lieberherr, Schweizerische Bauzeitung, vol. 102, Winterthur, 
Switzerland, 1933, pp. 87-91. 


515 


516 


“Tt will also be of advantage in such cases (boilers for higher 

pressures) to use tube expanders with 6 instead of 3 rollers, and to 
use an arbor with small taper in order to avoid overstressing the 
sheet (tube sheet).” 

The writer has made no tests on expanders having different 
numbers of rollers; however, the five-roller boiler-tube expander 
was adopted several years ago as standard in the company with 
which the writer is associated, and very satisfactory results have 
been obtained by the use of it. On the other hand the three- 
roller expander is used for small tubes such as are found in con- 
densers and feedwater heaters. Dimensional limitations dictate 
the choice of this tool. 

The writer does not recognize any difference in principle be- 
tween the rolling of boiler tubes and tubes in condensers, feed- 
water heaters, or other types of heat exchangers. In consequence, 
he sees no reason for a tool such as the ball-drift expander for use 
in installing the small tubes in condensers and feedwater heaters. 
This feeling is premised on the fact that condenser tubes */, in. in 
diam and 0.050 in. wall thickness have been rolled-in in great 
numbers in the plants of the company by which the writer is em- 
ployed by the use of a three-roller parallel self-feeding expander 
tool. The rolled portion in each case was 3/, in. long and the 
load necessary to push out a rolled tube was of the order of 1400 
lb. This was equivalent to a holding strength of about 3200 psi. 
The rolling-in of these condenser tubes is described in a recent 
paper.'? By using the method of rolling-in small tubes described 
therein, in which the maximum current input controls the degree 
of rolling, tubes of any commercial hardness and of normal varia- 
tions in diameter may be expanded uniformly and automatically. 
In the light of these results obtained on rolled-in small tube 
joints, the writer questions the value of a procedure that necessi- 
tates the production of joints of such length as are indicated by 
the author’s description. 

The author has endorsed the Fisher-Cope method for the con- 
trol of tube rolling, the ‘elongation method,” described in refer- 
ences 6,7 and mentioned in referencel2. However, he names 
limitations that he says restrict the use of it. The author is in 
error in his choice of limitations at least in so far as 3/,-in. con- 
denser tubes are concerned. In the closure to their paper,'? the 
authors included the results of tests on four groups of condenser 
tubes. These results are given in Table 2 of this discussion. 


Hardness 

of tubes 
Tube . Hole before Elon- 
diam, diam, rolling, gation, 

Item in. in. Rockwell E in. 

1 0.752 0.755 68 0.008 
2 0.748 0.760 67 0.008 
3 0.751 0.761 58 0.009 
4 0.007 


Item 1 of Table 2 was a combination of the largest tube of 
average hardness in the smallest hole; item 2, the smallest tube 
of average hardness in the largest hole; item 3, the softest availa- 
ble tube in the average hole; item 4, the hardest available tube 
in the average hole. An automatic current-limiting relay was 
used to terminate rolling. The results show that in these cases 
the measured elongations were in close uniformity; also the 
strengths of these joints agreed well. There appears to be no 
reason why similar results could not be obtained with feedwater- 
heater tubes or boiler tubes. : 

In his paper the author has not described a means for control- 
ling the degree of rolling, nor has he mentioned the effect of the 
rolling on the tube and sheet metal. That this is a most important 
matter is pointed out very clearly by J. H. Walker in his report of 


12 ‘‘Automatic Uniform Rolling-In of Small Tubes, by F. F. 
Fisher and E. T. Cope, Trans. A.S.M.E., January, 1943, pp. 53-60. 
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Subcommittee No. 6 of the Joint Research Committee on Boiler 
Feedwater Studies.!3) Mr. Walker states: 


“ 


... but there seems to be complete agreement on the idea 
that caustic embrittlement can occur only when the following 
three conditions exist simultaneously : 

(a) Certain chemical conditions of the boiler water. 

(b) Physical conditions which permit high concentration of 
the dissolved solids. 

(c) Contact of the concentrated solution with highly stressed 
boiler metal.” 

And further: 

“Contact of the concentrated solution with highly stressed 
metal is a requirement which has been thoroughly demonstrated. 
Cracking has not been observed unless the stress is near or above 
the yield point. ...,. Previous cold working of the steel renders 
it more susceptible. . . The rolled-in tube ends, however, 
remain a vulnerable point.” 

The truth of these statements, regarding the susceptibility 
of a severely cold-worked steel tube has been shown elsewhere.!* 
The ability to reproduce the conditions shown in these illustrations 
is also shown, '5 

Tube rolling, to be effective and lasting, should be done with 
due attention to the cold working of the metals involved. This 
feature the author has neglected to mention but it is to be hoped 
that he takes it into account in his new method of rolling. 

The cracking of the scale around the tube hole, mentioned 
by the author, has been observed and used as an indicator of de- 
gree of rolling since early in tube-rolling history. It is hardly a 
good indicator even when it can be used, and it fails completely 
in the case of pickled drums and tube sheets, and in heat ex- 
changers having brass or bronze tube sheets, 

Considering now the paper by Messrs. Grimison and Lee,’ 
the writer does not agree with the major premise of the paper, 
viz., that seat pressure is the most important variable involved 
in a rolled joint. He will discuss this feature and others of 
this paper from the point of view of individuals who own and 
operate boilers and other heat exchangers. He believes with 
the authors that the rolling of joints will be improved as more 
knowledge is acquired by testing actual joints under controlled 
conditions and by abandoning the hunches, opinions, and guesses 
often employed. 


Hardness 

Push- of inside Current to 

out of rolled expander 

load, section, Idling, Maximum, 

Ib Rockwell E amp amp 
1728 90 0.82 1.25 
1630 92 0.82 1.25 
1670 88 0.82 1.25 
1960 0.82 1.25 


The selection of seat pressure as a criterion of joint strength 
was the natural one to make because the authors undertook to 
verify experimentally the assumptions made by Goodier and 
Schoessow."© These were purely theoretical assumptions and 
required the second theoretical assumption that the surfaces 
involved were perfectly smooth and uniform. In the joints of an 
actual boiler, the seating surfaces are neither smooth nor uniform. 
In their tests, the authors made joints between surfaces that 
were neither smooth nor uniform. It is regrettable that they 
did not make the surfaces on these first joints smooth, perhaps 
even semipolished. Had they done this, their results would 
not have been clouded by the presence of at least two dominating 


13 “Caustic Embrittlement Research Brings Results,” by J. H. 
Walker, Mechanical Engineering, vol. 64, 1942, pp. 891-893. 
14 Closure ref. 6, Figs. 3 and 4, Trans. A.S.M.E., vol. 58, 1936, p. 69. 
16 Thid., Figs. 5 and 6. 
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variables, namely, seat pressure and condition of the seating 
surfaces. The latter variable markedly affects the resistance of 
the surfaces to sliding and in consequence greatly influences the 
resistance of the joint to hydrostatic pressure. 

The influence of the condition of the seating surfaces is em- 
phasized by Oppenheimer‘ in these words: 

“It was found by tests and also by mathematical analysis 
that the holding force (strength) of a shrunk fastening, the tube 
being simply rolled and not extending beyond the plate, depends 
on the following factors: 

“1 It is directly proportional to the coefficient of slipping 
friction between tube and hole wall; that is, the holding force in- 
creases as the surfaces of tube and hole wall are rougher.” 

The writer has verified this fact quantitatively in a few tests 
that he made on 4-in-diam tubes, 0.208 in. wall, 70 Rockwell B 
hardness (124 Brinell) rolled into 1-in. plate. The tube holes 
were smoothed, bored to commercial tolerance for 4-in. tubes, 
and the tube ends were all cleaned with a commercial mechanical 
cleaner which removed all mill scale and smoothed out the pits. 
The ends of some of the tubes were further smoothed to a semi- 
polish, then all were rolled-in to optimum elongation, about 
0.025 in. All of the joints were then broken by hydrostatic 
pressure, with the following results: 

Tube ends semipolished, joints failed at 2033 psi. 

Tube ends not semipolished, joints failed at 3700 psi. 

From the practical point of view, seat pressure is a purely 
academic question but an interesting one. However, the hold- 
ing strength of a joint, the strength to resist hydrostatic pres- 
sure, is the most important characteristic. It has real meaning 
to the engineers who design the boiler and also to those who 
operate and maintain it. Holding strength, expressed in pounds 
per square inch, as the writer and his associates have used the 
term, is used directly in determining the factor of safety of a 
joint, 

The values of seat pressure, shown in Table 3 of the paper,!” 
were not as consistent as the authors probably hoped for. Some 
of these results are in poor agreement; others are in satisfactory 
agreement. If one inspects Table 1 of the paper, he finds the 
results shown in Table 3 of this discussion. 


TABLE 3 TOTAL EXTRUSION VERSUS SEAT PRESSURE 


Total Estimated seat 

Joint extrusion, pressure, 
no. in. psi 

134 0.044 5190 

135 0.045 2220 

63 0.076 5290 

107 0.071 7810 

68 0.219 4360 

139 0.208 6870 


The lack of agreement in these pairs of results is serious. On 
the other hand, the results shown in Table 4 of the paper’ are 
in good agreement. Could the joints reported in Table 4 have 
been rolled at a later date than those reported in Table 1 after 


TABLE 4 JOINTS ROLLED-IN BY ELONGATION METHOD 


Reduction 
in tube- 


Holding wall 

Assembly Elongation, strength, thickness, 

no. in, psi per cent 
F 1 0.010 1550 3.3 
F 2 0.010 1625 4.8 
F 3 0.010 1400 §.3 
F 4 0.020 1475 ee 
F 5 0.020 1550 5.9 
F 6 0.020 1250 3.3 
0.030 2000 7.9 
F 8 0.030 2150 7.5 
F 9 0.030 1875 9.5 
F 10 0.040 2250 13.94 
Fl 0.040 2200 8.6 
F 12 0.040 2000 9.7 


Appare ‘ntly some feature of this rolling was incorrect. It was especially 
noticed that the tube end protruded slightly beyond the tube sheet. 


experience had been acquired? For comparison with the au- 
thors’ tables of test and calculated results, the writer submits the 
observed results, Table 4 herewith, of tests made in the course of 
his work, 

The writer has inspected the authors’ results to ascertain where 
in the relationship of partial extrusion on the hot-gas side of the 
tube sheet is ‘‘not in good agreement” with the total extrusion. 
He finds that in 75 per cent of all the joints reported upon, the 
agreement is acceptable. If the joints reported upon in the 
authors’ Table 4 are considered alone, 88 per cent are in accepta- 
ble agreement. 

Some of the total extrusions reported appear to be very great; 
so great indeed that the metal of tube and sheet must have been 
left in a very severely stressed condition. Among these are 
joints listed in Table 5 of this discussion. 


TABLE 5 EXCESSIVELY ROLLED JOINTS TAKEN FROM 
AUTHORS’ TABLES 


Joint no. Total extrusion 
60 0.407 
65 0.153 
68 0.219 
127 0.179 
139 0.208 
141 0.161 


The effect of excessive rolling is pointed out in a recent paper.? 
This paper shows'® that excessive rolling results in an increase 
in hardness of the tube wall to a degree that it is believed will 
impair its usefulness and possibly render it liable to corrosion 
attack. 

Other writers mention the effect of overrolling. The following 
quotation is taken from a translation of the paper by Thum and 
Jantscha:'° 

“The holding strength of the rolled joint reaches a maximum 
for a certain degree of rolling, and it decreases again after that 
more or less but always very definitely. From this the conclu- 
sion must be drawn that too much rolling has a distinctly un- 
favorable effect upon holding strength.” 

Lieberherr'' observed the same fact and wrote the following: 

“It was found that the moderately rolled tubes, ...... , Te- 
mained tight or sweated only slightly, while those which had 
been rolled excessively showed leaks.” 

It is apparent that excessive rolling can lead only to unsatis- 
factory joint conditions. Furthermore, uncontrolled rolling 
leads to an unknown degree of rolling. 

The authors seem to be somewhat confused in the following 
statements: 

“The maximum seat pressure was believed to coincide with 
the maximum structural strength of the joint.” 

“The correlation between the tube-seat pressure and the 
per cent increase in the tube inside diameter over that measured 
at tack rolling is very poor...’ 

“The increase in the inside diameter of the tube over that at 
contact of tube with seat was found to be quite a satisfactory 
indicator of degree of rolling.” 

From these three statements the reader is led to conclude, 
(1) that seat pressure is a good indicator of the strength of a 
joint; (2) that the increase in the inside diameter of the tube 
over that at contact is quite a satisfactory indicator of degree of 
rolling; but (3) “the correlation between seat pressure and in- 
crease in the inside diameter of the tube of that at tack rolling 
is poor.” These three statements are very confusing to the 
reader and need modification in order to clarify them. 

The changes which occur when a tube is rolled-in, whether it is 
in a condenser, a feedwater heater, or a boiler tube, are very 
complex and the laws governing them are not too well under- 


16 Reference 7, Fig. 7. 
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stood. These changes depend upon the following physical 
characteristics of the tube, the tube sheet, and the tool: 


(a) Initial hardness of tube and of tube sheet. 
(b) Work-hardening characteristics of both metals. 
(c) Outside diameter of tube. 

(d) Thickness of tube wall. 

(e) Diameter of tube hole. 

(f) Thickness of tube sheet. 

(g) Length of rolled joint. 

(hk) Angle of taper mandrel of tool. 

(‘) Lead angle of tool rollers. 

(7) Revolutions per minute of expander tool. 
(k) Degree of rolling. 


The problem of tube rolling can best be simplified by a sys- 
tematic attempt to treat one of these characteristics at a time 
holding all others as nearly constant as possible. Only by fol- 
lowing this procedure can we hope for an eventual solution of this 
complex problem. 

The writer in all of his work on tube rolling has considered the 
ability of the joint to withstand pressure as the most significant 
characteristic of the joint. Repeated tests and field applications 
have strengthened this point of view. On the other hand, the 
authors have made an experimental study of an academic ques- 
tion, selecting seat pressure as the important item. As an aca- 
demic question, the work is worth while, but it is regrettable that 
they apparently did not hold other variables under close control. 
Had they done this, the writer believes that their contribution to 
the science of tube rolling would have been more valuable. 


F. F. Fisuer.'’ It is indeed gratifying to learn that the ex- 
panded joints in the boilers and heat exchangers of power plants 
along with the tools and procedures involved are finally receiving 
the attention they justly deserve. Mr. Maxwell’s paper'® 
is a welcome and creditable presentation of the complex problems 
involved and of necessity covers only the important phases of the 
subjects. The writer, however, does not agree with some of the 
views expressed and will therefore undertake to discuss the ones 
questioned. 

According to the author, Lienau’s investigation made in 1924, 
the results of which were not published, caused a redesign of the 
groove positions in the joints. There is no disagreement with 
the statements regarding the function and placing of grooves, 
but the citing of Lienau’s paper as a source of information con- 
cerning the anchoring of tubes and the control of extrusion does 
seem to have been somewhat delayed. 

In the author’s review of the history of tube expanding, no 
advance in the art is recorded for the years from 1924 to 1938; 
however, others were contributing during this period, and a 
short review of this work done will be of interest. Among others 
is The Detroit Edison Company which in 1926, initiated a num- 
ber of improvements in tools and procedures in order to alleviate 
an unsatisfactory condition existing in boiler erecting at that 
time. This condition may well be described as “trying to as- 
semble high-pressure boilers, using tools and methods developed 
for low pressure.” 

This work began with a search for a steel of the correct com- 
position and heat-treatment, capable of withstanding the more 
severe usage imposed by the stronger and thicker materials in- 
volved. The result of this effort was a suitable steel, which was 
recommended to the boiler and expander manufacturers in 1929, 
and which has been in general use since. 

Another problem encountered was the removal of scale from 
and the cleaning of the tube ends preparatory to expanding. 


17 General Foreman of Mechanical Erection, The Detroit Edison 
Company, Detroit, Mich. 
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This was a job of considerable magnitude and, as usually done, 
resulted in many leaky joints, causing much rerolling. An ef- 
ficient tube cleaner was developed by the writer to do this work. 
This tool, called the Rotary Tube-End Cleaner, removes all the 
mill seale and many irregularities on the tube ends and produces 
uniform surface finish at a fraction of the cost of former methods. 

In June, 1935, a paper was presented by F. F, Fisher and E. T. 
Cope,* which represented 5 years of investigation and observa- 
tion of tube rolling and called attention to the axial elongation 
of the tube metal during expanding. It demonstrated that 
elongation can be used as an indication of the degree of expanding. 
The paper also evaluated the forces developed by the elongation 
and described means and procedures for their compensation or 
elimination in the boiler structure. Improvements in expand- 
ers are also suggested, such as a curving of the entrance ends of 
the expander rollers in order to eliminate a common cause for 
tube failures, namely, the excessive cold working of the metals 
forming the joint. 

The design of the expander is not necessarily a limiting factor 
in the length of a joint, as stated by the author, but the joint 
may be of any length if the expander used for oil-still tubes is 
applied. This expander is the forerunner and the counterpart 
of the retractive expander described by the author, but with the 
tapers reversed. It is used in the manner as shown in Figs. 9 and 
10, of the paper.'* Even the ordinary standard self-feed ex- 
pander is capable of rolling a satisfactory joint at least 2!'/, in. 
in length. This has been especially true since most manufac- 
turers have substituted precision-ground rollers for the rough 
and unground ones previously used, which cut into the tube metal 
and caused serious flaking. Still longer joints may be rolled by 
substituting rollers made in segments for the one-piece kind. 
However, as the optimum strength of the joint is reached at 
1'/; in., as stated (Thum and Mielentz,'® arrive at a length of 
17/s in.), and as this length also offers a resistance to bending 
equal to a solid connection, as demonstrated by Ruttmann,'* 
it seems hardly necessary to go beyond this joint length except in 
special cases. 

The writer holds no brief for either the three- or the five-roller 
tool, but does not believe that a three-roller expander is superior 
to one having a greater number of rollers. The author’s citation 
of Fig. 4 in the Goodier and Schoessow paper” showing slip lines in 
expanded tubes, as evidence supporting the three-roller tool, 
appears to be somewhat confused. The upper view depicts 
the action of any expander whether having three, four, or tive 
rollers, whereas the lower view shows the slip lines obtained by 
expanding with hydraulic pressure. In fact, the authors (Thum 
and Jantscha) of the paper” from which this illustration was 
taken are very much in favor of expanders with more than thiree 
rollers. This is very significant, inasmuch as they recommend a 
change-over from the three-rqller expander commonly used in 
Germany to one having five rollers. 

The writer cannot accept the author’s reasoning regarding the 
use of a single belling roller, as is used with the three-roller ex- 
pander. This tool is not nearly as stable as one having two bell- 
ing rollers which are balanced or nearly balanced as found in the 
four- and five-roller expanders. His experience in the use of 
these tools runs contrary to that of the author. 


18 “Das Verhalten von Einwalzstellen bei verschiedenen Ausbil- 
dungsformen und Betriebsbedingungen,”’ by A. Thum and 
J. N. Mielentz, Materialpriifungsanstalt Darmstadt, Sonderaus 
gabe der Mitteilungen, 55 der Vereinigung der Grosskesselbesitzer, 
E. V., Dec., 1935, pp. 258-290. ; 

19 Uber das Einwalzen von Rohren und der besonderer, Berucksichtie- 
gung der Frage der Rundrisse in den Einwalzstellen von Siederohren, 
by W. Ruttmann, Dissertation for Dr. Ing., Technische Hochschule, 
Darmstadt, 1933. 

* Ref. 1 (°), Fig. 4. 
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DISCUSSION—-EXPANDED TUBE JOINTS 


The tendency of three-roller expanders to correct the “out of 
roundness,” as shown in Figs. 4, 5, 6 of the paper, is well known. 
In order to get the results shown, it is evident that the metal 
must be cold-worked to a high degree. This is not a desirable 
feature and is the reason why this tool is not favored by the 
writer. Although the surfaces involved in a joint rolled with a 
four- or five- roller expander may not be concentric, what differ- 
ence does it make? The A.8S.M.b. Boiler Code specifies that the 
minimum thickness of boiler tubes shall be not less than the nomi- 
nal gage specified. Consequently, there is but little likelihood 


that the holding strength of any joint, even if eccentric, will be less © 


than that of concentric joints of nominal gage. 

Regarding the use of unreamed tube holes as recommended by 
the author, a drilled rough tube hole necessitates increased 
rolling, in order to produce tight joints, whereas the small addi- 
tional cost of reaming the tube holes is more than offset by a 
reduction in the cost of rolling. Further evidence of the advan- 
tage of the use of smoother contact surfaces are found in other 
references, Siebel® found it difficult to produce tight joints when 
using tube-hole surfaces consisting of fine threads. Thum and 
Mielentz'’ found that the stability of a joint was increased about 
35 per cent when using smoothly turned tube ends instead of tube 
ends that were cleaned by sandblasting. 

The unpublished conclusions reached by J. P. Craven, as stated 
by the author, leading to the adoption of the three-roller ex- 
pander by the author’s company, are of great interest because 
they are contrary to the views of Thum and Jantscha'® and Lieb- 
erherr."!| Therefore, because of the fact that these authors disa- 
gree radically with the conclusions of J. P. Craven, it is highly 
desirable that the author explain what characteristics of the 
joint were adversely affected. Also what measurements were 
made and what tools were used to prove the detrimental effect 
on ligaments resulting from the use of rolling tools having more 
than three rollers. 

The ball-drift expander described by the author is an adapta- 
tion of a process called “‘auto-frettage,”” once used to harden the 
bore of guns. Of the two types listed, the solid-ball type is the 
better because it produces a clean smooth hole in the tube end. 
The retractive type must have of necessity means for adjustment, 
as it must enter a small tube hole and then expand it to a larger 
tube inside diameter. Because of this the ball is split. On 
expanding, the two halves move apart, leaving a gap on both 
sides of the ball. 

If and when the expanded ball is pulled through the tube, that 
portion of the tube located between the two halves of the ball is 
not expanded by one pass of the expander, However, a portion 
of the tube metal displaced by the ball flows into this unworked 
section and hardens this metal to an appreciable extent. Thus, 
when the ball is rotated 90 deg, and the second draw is made to 
finish the joint, two strips of metal harder than the other ex- 
panded tube metal will be produced equal in width to the gap 
between the ball halves. 

A famous scientist once made a statement to the effect that 
any problem however difficult ceased to be a problem and be- 
came exact knowledge when suitable means of measuring were 
applied. According to the author, a measure is now available 
which is applicable to the problem under discussion, namely, 
optimum tube expanding. It is set forth by the author as fol- 
lows: ‘The measurement of extrusion is a tool giving almost an 
exact measure of the holding power of the tube.” The same view 
is held by Grimison and Lee,” and Fisher and Cope.*.7'?_ This 
fact being established, there seems to be no valid reason why tube 
rolling cannot be put on a scientific basis. Since the extrusion 
has such definite value as a measure of the degree of expanding, 
its potentialities should be examined and developed to the 
fullest extent before adopting empirical, arbitrary indicators 
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which have but limited applications and are often of little value 
in improving the art of tube rolling. 

Since the introduction of ‘extrusion or elongation” as a meas- 
urement of the degree of expanding, considerable progress, based 
on this measurement, has been made in tube rolling, and much 
definite knowledge has been acquired. Advantage of this 
knowledge is taken in numerous cases as is demonstrated in 
the author’s paper.'* For instance, a retractive expander has been 
developed to eliminate troublesome elongation incident to rolling 
tubes into long tube holes. 

Some of the limitations cited are not real, are overemphasized, 
or could, if found necessary, be corrected by changes in the roll- 
ing technique or in the tools. A study of the test data in the 
Fisher and Cope papers*.7-'? discloses the fact that the partial 
extrusion is applied successfully to tubes and tube-sheet combi- 
nations of various hardness, of differences in size of tube hole and 
tube or tube wall thickness, provided they are within commercial 
limits of tolerance or are as specified by the A.S.M.E. Boiler Code 
and are of commercial finish. 

A value of the force transmitted by the extrusion to restraining 
members is evaluated by Fisher and Cope,* and there seems to be 
no reason to believe that the extrusion is affected by any re- 
straining members, excepting possibly in the case of very short 
and stiff tubes. 

A discussion of other means of indicating the degree of rolling 
mentioned in this paper’ is contained in the writer’s discussion 
of the companion paper of Grimison and Lee,’ which follows: 

It is unfortunate that the investigation undertaken by Messrs. 
Grimison and Lee was not carried through to completion be- 
cause the conclusions drawn from a partial investigation may 
be at variance with the results of a more extensive test. German 
technical literature contains several reports by authorities paral- 
leling the proposed investigation and covering every phase of the 
objectives, excepting the idea of using “extrusion” as the measure 
of the degree of expanding. The use of ‘extrusion’ as a measure 
of rolling is an American development and was explained in 1935, 
in a paper by Fisher and Cope.’ In this paper the term “elonga- 
tion” was used instead of “‘extrusion”’ to describe the axial flow of 
the tube metal during the expanding procedure, a procedure also 
known as the rolling-in of tubes. 

The authors do not divulge information which is not otherwise 
readily available, nor do they disclose a better or more practical 
solution of the tube-rolling problem. However, there is one 
conclusion to be drawn from its contents, namely, that the mak- 
ing of a tube joint causes a series of changes of such complex 
nature that the strength of the joint cannot be calculated with 
any degree of accuracy. Would it not be simpler and less con- 
fusing if the criterion of joint strength consisted of the actual joint 
strength as measured by a destructive hydraulic test? This, to- 
gether with the stability of a joint, is of paramount interest to the 
designer and boiler owner. 

In their investigation, the authors encountered and were sur- 
prised by a sudden reduction in tube-seat pressure which is ana- 
lyzed as due to a smoothing of the contact surfaces. This 
behavior should be no surprise. It is explained by Maxwell,'* 
who quotes Lienau’s unpublished investigation for the Babcock & 
Wilcox Company in 1924, a source of information also accessible 
to the authors. Erich Siebel’ also depicts and comments on the 
phenomenon. 

The behavior described also demonstrates the influence of the 
surface conditions on the strength of the joint and raises a ques- 
tion regarding the authors’ assumption that the coefficient of fric- 
tion is independent of the degree of rolling. Because of this, 
the writer questions the value of the authors’ tests. It is ob- 
vious that joints cannot be compared unless they are tested under 
uniform conditions, best exemplified by smooth contact surfaces. 
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This condition is not fulfilled by rough-boring the test hole in a 
lathe or by buffing the tube end free of scale. Such buffing may 
produce anything from a smooth surface to a rough surface full of 
cuts and flats. 

In their search for a reliable indication of the degree of ex- 
panding, the authors prove that the total extrusion is an excel- 
lent indication. It cannot be otherwise, as the extrusion is the 
visible and measurable indication of the work performed on a 
joint. As the measurement of total extrusion is difficult, it is 
evident that it cannot be applied in actual field work. The par- 
tial extrusion, however, as used in practice, is easily measured 
on the gas side of the boiler and is equally suited for the field or 
laboratory. The authors, however, claim that the partial ex- 
trusion is not a reliable indication of the degree of expanding. 
This statement is contrary to the findings of other investigators 
as will be shown. 

It seems logical to assume that a parallel expander which pro- 
duces a cylindrical hole should cold-work all tube ends in similar 
joints in the same manner. That this assumption is tenable and 
that the use of partial extrusion as an indication of the degree of 
expanding is entirely feasible can be proved conclusively (1) by 
actual tests, and (2) it is supported by the data submitted by the 
authors. To prove the first claim, the writer submits the data, 
Table 6 of this discussion, from a series of tests available in which 
the partial extrusion was used as a measure, but employing a 
standard parallel five-roll expander instead of a three-roll ex- 
pander of unstated character such as the authors mention, and 
using the holding strength as a criterion instead of the author’s 
seat pressure. This test is comparable to the results shown for 
tests Nos. 112 to 124, inclusive, of Table 1 of the paper.” The 
test shown is one of the first and was made before the significance 
of smooth surfaces was fully recognized. 


TABLE 6 TEST DATA? 


Holding strength, 


Elongation, in. joint only, psi 


0.005 2290 
0.005 2480 
0.005 2980 
0.010 2510 
0.010 3075 
0.010 3285 
0.015 2690 
0.015 2885 
0.015 2960 
0.020 2480 
0.020 2610 
0.020 2775 
0.025 1610 
0.025 1840 
0.025 1890 
0.030 1860 
0.030 1980 


S 
t 
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@ Results of tests made by the writer on sample tubes rolled into flat tube 
sheets to determine relationship between elongation and holding strength 
for 3'/s-in-OD, 7-gage (0.18-in. wall) tube rolled into 1l-in. tube sheet; 
tubes and tube holes selected at random. 


A glance at the test data, Table 6, is convincing evidence that 
the partial extrusion is not only feasible but quite practical as a 
means of controlling the degree of rolling. Of course, it is not 
claimed that the actual joints will be of like uniformity, due to 
the difference in surface finish, but they will be uniformly cold- 
worked and still within acceptable limits.?! 

An inspection of the test data submitted by the authors dis- 
closes the fact that, in a majority of tests, the ratio of the partial 
and total extrusion are in acceptable agreement. By making 
allowance for mistakes that doubtless occurred in the intricate 
measurements necessary, the agreement in the ratios may be 
considered as good. The results listed in the authors’ Table 4, 
are especially consistent, whereas joints Nos. 109 to 131, inclusive, 


21 Shown in ref. 6, Figs. 3, 4, 8, 9. 
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seem to have been rolled in an unorthodox manner, Since one 
of the major differences in test procedure is in the type of expander 
used, it is quite possible that the use of a parallel five-roll ex- 
pander would have produced a better agreement in the ratio be- 
tween the partial and total extrusion. 

Concerning one other method listed as suitable as an indicator, 
namely, the increase in tube inside diameter after the tube 
touches the tube hole, the authors seem to be quite confused, 
inasmuch as it is stated at one point that this is not a good indi- 
cation of the degree of tube expanding, whereas another refer- 
ence describes it as a good indicator. The test results sub- 
mitted to support this are, however, open to criticism inasmuch 
as the joints were rolled by the ‘‘uniform entrance method,”’ 
that is, to a uniform inside diameter. This method is success- 
fully applied only to joints with tubes and tube holes of uniform 
dimensions and not to the commercial product found on the job. 
Calculations made by the authors for purpose of correlation may 
improve the curves but do not reflect the actual result. 

It may not be amiss to state that this indicator, namely, the 
increase in the inside diameter of the tube over that at contact of 
tube with seat, is the well-known ‘‘Haftaufweitung,” an arbitrary 
measure of the degree of expanding used for many years in Ger- 
many for field and laboratory work. To make this technique 
more practical, rolling machines have been developed that auto- 
matically roll to any desired Haftaufweitung after contact of 
the tube with the seat. 

Ruttmann”® after demonstrating that under like test conditions 
and with the same Haftaufweitung, a variation in the ex- 
pander revolutions caused the joints to assume entirely different 
character (for instance, the tube-hole deformation of a joint 
finished with a few revolutions of the expander may be 8 times as 
great as that of a joint rolled with more revolutions) has this to 
say: “In view of the findings described, it is not at all certain 
that the Haftaufweitung can be accepted as a criterion of rolled 
joints, unless the kind of rolling and the number of revolutions of 
the expander are given.” The same view is held by A. Thum 
and J. N. Mielentz,'* and by Erich Siebel.6 There are not many 
tubes in boilers with both ends of the tube rolled with the same 
number of expander revolutions. 

The value of the other indicator of the degree of expanding 
treated in this paper, namely, the “‘popping of the mill scale on the 
seat plate,”” may be judged by the foregoing also. Its application 
is very limited, as it cannot be used on drums or headers without 
scale, recessed tube holes, tube sheets other than steel or iron, and 
machined tube sheets. 

The writer fully appreciates the difficult and thorough work 
done by the authors and their frank way of stating the facts 
as they see them. Without going into the merit of the result of 
their tests, which have been treated in this discussion, it be- 
comes evident that what is needed more than anything, to elimi- 
nate confusion and co-ordinate these and other test results to come, 
is a standard uniform testing method, uniform nomenclature, 
and a standard criterion of the strength of the joint. 

It is felt that such standard test procedure would be of great 
benefit to all concerned and the writer would consider it a privi- 
lege to assist in such standardization. 


T. McLean Jasper.?*? The writer’s company has had « vast 
amount of experience in the cold working of ordinary carbon 
steels. Most of the steel used for pipe lines is cold-stretched, and 
much of the steel we fabricate for oil-well casing is cold-com- 
pressed. We have established the fact that such cold forming up to 
about 6/2 per cent stretch or compression causes no reduction in 
the corrosion or endurance resistance of the structures so made, 


22 Engineer, A. O. Smith Corporation, Milwaukee, Wis. Mem. 
A.S.M.E. 
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DISCUSSION—EXPANDED TUBE JOINTS 


providing the subsequent operating stresses are normal to the 
service-stress allowances. Above the 6'/; per cent deforma- 
tions, we have very little information. 


Francis Hopaxrnson.*® In the Grimison and Lee paper,” 
the narrow zone between too little and too much rolling seems 
to indicate some uncertainty in the tube-expanding process. 
It is not clear how the operator knows when he has reached the 
optimum degree of tube rolling. 

Tube expanding was adopted in the early days of boiler con- 
struction when tubes were employed. Since then various forms 
of welding have been developed. Why is not electric-are welding 
to be preferred? 


CLosuRE TO PAPER la By E. D. Grimison AND G. H. Ler* 


Despite Mr. Cope’s wide experience in tube expanding, he has 
failed to grasp the fundamental mechanics of the expanded tube 
joint. The foregoing statement is borne out by the fact that he 
divorces entirely the contact pressure between tube and seat 
from the strength of the joint, which, by his own statement, is 
dependent upon the frictional resistance to slip of the tube rela- 
tive to the seat. The coefficients of friction, listed in the paper,'* 
indicate that, due to their constancy, the tube-seat pressure is 
an important variable in determining the strength of the joint. 
The qualitative effects of roughness are well understood from the 
theory, but are generally submerged by the effects of grooves. 
The authors primarily were interested in the question of optimum 
degree of expanding and proceeded correctly in holding the 
roughness constant. 

In pointing out what he claimed were poor agreements ob- 
tained for tube-seat pressures, Mr. Cope failed to note the varia- 
tions in materials. Tests 63 and 68 had a tube hardness of 
130 Bhn and a plate hardness of 105 Bhn; Tests 107, 134, and 139 
had a tube hardness of 118 Bhn and plate hardness of 128 Bhn; 
Test 135 had a tube hardness of 118 Bhn and a plate hardness of 
578 Bhn. Agreement between these tests was not expected. 
A little consideration of the plastic and elastic behavior of the 
material during the expanding operation will lead to the con- 
clusion that agreement would be impossible. Reference is made 
to Table 1 of the paper’ and to Figs. 4, 5, 8, and 9, for some 
indication of the agreement between results obtained. The tube- 
seat pressures listed in Table 4 of the paper are estimated pres- 
sures, as noted, and were read from the curves of Figs. 4 and 5. 
The agreement indicated by Mr. Cope in these tests is no better 
than the agreements which were had in the other tests. 

The authors are well aware of the undesirable aspects of ex- 
cessive expansion and have specifically noted that better joints 
are formed for moderate degrees of expansion which are indicated 
to correspond to increases in inside diameters of the tubes lying 
in the range 1 to 3 per cent, depending upon the particular com- 
binations of tube and seat conditions. 

Mr. Cope quotes several statements as indicating confusion 
on the part of the authors. Careful reading of these statements 
with their context will show them to be merely qualifying state- 
ments, such as any careful investigator makes, which apply only 
within stated limits. 

The paper was presented as a progress report on the authors’ 
investigations in a field which they consider by no means ex- 
clusively their own. Their findings conclusively point to the 


*3 Consulting Engineer, New York, N. Y. Former Vice-Presi- 
dent, and Fellow, A.S.M.E. 

*In the absence of any discussion of the companion paper by 
Goodier and Schoessow, general acceptance of their theoretical 
developments must be assumed. A paper which has since been 
Presented by Dr. A. Nadai comes to substantially the same con- 
clusions as Goodier and Schoessow’s. 
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validity of their assumptions of a constant coefficient of friction 
and dependence of joint strength upon tube-seat pressure, within 
limits and with effects of departures from these assumptions in- 
dicated. Simple hydrostatic tests are not sufficient indicators 
of the strength of expanded joints for reasons given by Mr. 
Maxwell. 

Most of Mr. Fisher’s significant comments have been answered 
in the replies to Mr. Cope’s discussions. Both Mr. Cope and 
Mr. Fisher have overlooked the authors’ desire to demonstrate 
the dependence of joint structural strength upon tube-seat pres- 
sure. In an orderly development, proof was necessary before the 
tube-seat pressure could be used as a measure of joint quality. 
Determinations of tube-seat pressures are much more economical 
of man power and equipment than the use of direct measurements 
of structural strengths. The data presented in the paper give 
complete proof of the utility of tube-seat pressure as an indicator 
of joint quality in an analytical procedure. 


CLosurE To Paper” sy C. A. MAXWELL 


There are many differences of opinion with that of the author, 
expressed in the criticism of the papers by Messrs. Cope and 
Fisher, which will undoubtedly disappear when by standardized 
testing of joints and proper nomenclature we all consider the 
same thing and conduct our tests under the same rules and de- 
fined conditions. This condition is thought to be particularly 
true when testing directly for the determination of the strength 
of a joint. Some experimenters have pushed the tube through 
the seat, overlooking the Poisson effect which actually increases 
the seat pressure and, hence, the holding power of such joints. 
By pulling the tube through the seat in the direction of most 
normal loads, the Poisson effect is reversed, thereby detracting 
from the strength of the joint. 

Cope feels that, for proper testing, a joint should have hy- 
draulic pressure applied until failure occurs. This does not 
result in true values, for the pressure has the effect of tightening 
the tubes in their seats, thereby giving more favorable values 
than would be realized in actual service. The maximum hydro- 
static pressure which should be applied in combination with 
mechanical loading should be the Boiler Code pressure for the 
tube thickness. In attempting to force tubes out of expanded 
joints by hydrostatic pressure, we have often caused failure of 
the tube before any failure of the joint had occurred. In the 
modern boiler, structural and thermal loads on joints are of 
greater concern than those produced by hydrostatic pressure. 
Grimison and Lee'* have gone far toward real standardization, 
and their method, or an acceptable equivalent, must be used if 
we are to depend upon experimental values. 

Fisher states that in oil-still practice an expander, similar 
in principle to the retractive type, is used, but which self-feeds 
into the tube and accomplishes the same short-roll effect, per- 
mitting rolling of any length of seat. The author is not familiar 
with the tool in question, but this principle cannot be used in 
boiler practice because of the large extrusion from the fireside 
of the tube sheet producing heavy structural loading on ad- 
jacent tubes and seats. Up to the moment and to the best of 
the author’s knowledge, all the conditions for the successful use 
of a long seat are met only with a “retractive’”’ expander of either 
the roll or ball-drift types. 

As to both Cope’s and Fisher’s feelings that the length of tube 
seat is not of special importance so long as sufficient strength 
is developed to satisfy the hydrostatic requirements, again, 
it must be pointed out that every analysis of the problem indi- 
cates that the strength of the joint and its hydraulic tightness 
are directly measured by the area of the surfaces in contact, pro- 
vided always that controlled extrusion is used in making the 
joint. By using the full thickness of the tube sheet as a seat, all 
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counterboring and its weakening effects on ligaments are ob- 
viated, the unbalanced stresses in the tube sheet by the un- 
centered position of the seat are eliminated, a stronger joint is 
obtained, and a much simpler, more economical construction 
is obtained. The importance of controlled extrusion is further 
emphasized by analysis of Grimison and Lee’s experimental ob- 
servations. !* 

There are special cases, most often found in naval boilers and 
in heat exchangers with very heavy sheets, where ligament value 
can only be preserved by using a straight hole as a seat rather 
than one that has been counterbored. 

The author is in complete agreement with Cope that with very 
small tubes expanded into seats of */, in. or even 1 in. length, the 
ball-drift expander is not necessary. Under these circum- 
stances, the roll expander will perform satisfactorily, but where 
extrusion from the seat would produce structural loadings, the 
retractive ball-drift expander is definitely indicated, as in the case 
with straight tubes between rigid heads. 

With tubes under 2 in. diam expanded in long seats, the only 
wholly satisfactory expander is the ball drift; space limitations 
prohibit any other type. More than 45 per cent of all Navy 
tubes have been expanded with ball drifts since 1934, with re- 
sults which are astonishingly good. Fisher’s objection to the 
ridge left by the split in the retractive ball ring is completely 
overcome in two ways; by a diagonal slit and by tandem rings 
with the slits opposed in position. It is not necessary to make a 
double pass. 

For many years the author, and the company by whom he is 
employed, were heartily in favor of multiple-roll expanders— 
the more rolls the better. During those years we experienced, 
with others, much trouble in getting joints tight and keeping 
them so. The work of Craven which has been cited, and which 
we hope may some day be amplified and published, completely 
changed our concept of the problem. This work indicated 
that, if an expanding operation could be done with only one roll, 
the ideal would be attained. Since this was not practical, and 
three rolls were the minimum possible, we changed our practice 
accordingly with immediately beneficial results. It is indeed 
gratifying that, in a purely theoretical analysis of the problem 
Goodier and Schoessow” should find complete confirmation of 
the practice. 

Good work can and is being done by expanders having four and 
five rolls, but, as indicated by Mr. Fisher, it is necessary that tube 
seat holes be round, tubes upset, and machined both inside and 
out. After all this is done, however, we still find that greater 
plastic flow has occurred in ligaments opposite joints made with 
such tools, an obviously undesirable condition. Goodier and 
Schoessow very clearly point out that plastic flow immediately 
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adjacent to the tube is a necessary condition, but that this flow 
must be confined to a very narrow zone to produce best results. 
Craven’s experiments were conducted with very accurate strain 
gages and confirmed by Grimison and Lee.'* The foregoing is 
quite apart from the greatly increased expense incident to such 
accuracy in the treatment of tube ends. 

None of the methods described by the author, Cope, or Fisher 
for the determination of an optimum expanded joint is new. 
Seale “cracking,” or “popping,’’ has been known and observed 
for many years, and, because it indicates very clearly that 
desired reactions have been reached in the ligament, it comes 
more nearly being a correct indicator than most. It has defi- 
nite limitations, as Fisher points out and as was also indicated 
by Lee and Grimison. 

Measurement of elongation or extrusion is also very old. The 
experienced boilermaker always scribed a line on the tube where 
it entered the seat and measured by eye its movement away from 
the seat during the expanding operation. Measuring this with 
a dial indicator was a distinct improvement for which thanks 
are due to Cope and Fisher. The “elongation”? method has the 
limitations for field use described by the author, and it is found 
not usable with either the stage type of expanding or with 
retractive expanders where there is virtually no fireside extru- 
sion. 

The author is fully aware of all that has been said and written 
about cold working and the possible corrosion hazards involved. 
If his and the other two papers of this group presentation are 
studied carefully, the conclusion must be reached that means 
are being advanced whereby optimum results are obtained 
which call for minimum cold working. The greatly increased 
areas of tube seat possible with the retractive short-roll principle 
or the retractive ball drift, the utilization of as many grooves as 
desired, the increased friction of rough seats, all permit joints 
of equivalent strength and tightness to be made with very much 
less cold working of the metals involved than with some of the 
older methods. 

With reference to caustic embrittlement, Cope points out we 
must have “physical conditions which permit high concentration 
of the dissolved solids.’”” What more potent physical condition 
than tube leakage would build up this concentration? How im- 
portant then that all our work be to the end that tube joints are 
made tight and remain that way? This is the object the author 
hopes to accomplish and welcomes the help and criticisms of 
Messrs. Cope and Fisher, or any others interested in the problem. 
Mr. Cope can help measurably by allowing us the use of the 
German catalog of 1934, wherein the retractive roll expander is 
described. We have not seen it, nor have we been able to find 
it through any of our sources of reference or information. 
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The Testing of Volute Springs 


By BERNHARD STERNE,' DETROIT, MICH. 


During the past year test work on volute springs has been 
undertaken on a scale probably never equaled before. 
The results of this work have necessarily influenced the 
theoretical thinking. Tests have been conducted both on 
suspension springs, which are under continuous static 
load, and on bumper springs which are normally un- 
loaded. Laboratory tests on suspension springs took 
place for an extended period at constant stroke and pre- 
determined heights with the help of a converted press. 
More lately, the springs have been tested at constant 
stroke and predetermined maximum load on a new con- 
stant-stress test machine. Field tests have been con- 
ducted at the proving grounds, partly over extremely 
rough terrain. The paper gives some instances of the 
redesigning of volute springs which was prompted by test 
results. It also deals with static loading tests, both axial 
and radial, and with differences in results caused by dif- 
ferent manufacturing methods. 


past year on a scale which was probably never equaled 
before. Most of these springs had some function in 
vehicle suspensions, and several of the outstanding laboratories 
and proving grounds of the country which are concerned with 
suspension developments took part in the various test programs. 

A large volume of the work was concerned with load-carrying 
suspension springs but another part dealt with bumper springs. 
The progressive rate increase of the volute spring is the feature 
which in the past has mostly furnished its appeal for bumper 
applications. When used as a suspension spring, it made 
possible the combination of the resilient load-carrying member 
and of the final shock-cushioning device into one piece of steel. 
Thus the volute spring obtained an early foothold in the sus- 
pension field while the difficulties of its computation and manu- 
facture were sufficient to prevent it from becoming established 
in other lines of engineering endeavor. 

This type of usage has probably impeded rather than fur- 
thered the progress on the volute spring for a long time. Sus- 
pensions in general comprise some of the most difficult spring 
applications because of the various freedoms of motion which 
must be maintained. The loading conditions in actual service 
can rarely be identified with the commonly accepted laboratory 
loading conditions, and consequently the spring trouble experi- 
enced on a suspension may be very difficult to verify or analyze 
in the usual test setups. This, together with the fact that the 
volute spring by its very nature is a member operating under a 
rather complex stress pattern, has led to many discouraging 
results in the past and has prevented a more widespread use of 
the volute spring for many decades. 

Thus when the more recent work got under way it had to be 
from a fresh start because what little background existed was 
not available in published form. When the enormous amount of 
work, for instance, on helical springs, during the past twenty or 
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thirty years is weighed against the relatively modest start 
which has now been made on volute springs, it will be realized 
that the information gathered during the past year must neces- 
sarily be very sketchy. 

The life-test work on volute springs has brought one of the 
major problems of spring testing into focus, i.e., how to main- 
tain from beginning to end the stress level at which the test is 
supposed to be conducted. The majority of endurance tests 
on springs are run at constant stroke and constant height and do 
not compensate for the losses in load and stress which occur 
during the test in consequence of spring settling. This is nor- 
mally not a serious matter because the bulk of endurance tests 
takes place under stresses which are far below the yield point, 
and which therefore cause little if any settling in the spring. 

However, suspension springs in many modern vehicles have 
habitually been stressed very highly, and tests on them have 
consequently been conducted at unusually high stress levels 
with attendant rapid spring settling. Moreover, the stresses 
in most volute springs are so unevenly distributed that in practi- 
cally any test some parts of the blade will be very highly stressed. 
Finally, the temper in the volute spring is often sufficiently 
uneven so that the yield point will be reached much sooner in some 
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Fic. 2 Lire Test at Constant Loap ON SpectaL MACHINE 
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parts of the spring than in others. Consequently a settling of 
5 to 10 per cent of the total spring deflection in the course of a 
volute-spring life test is not a rare occurrence and will strongly 


influence the result. 


Types oF MAcHINES UsED FoR TESTING 


On the old-fashioned punch press there is no way of com- 
pensating for this lowering of the stress level. In our laboratory 


testing which has been carried on for nearly 2 years on such & 
machine, Fig. 1, we have made it a point at least to keep a record 
of the spring settling by periodic load checks. On the new 
constant-stress test machine which we have recently put in 
operation, Fig. 2, the maximum load at the start of the test is 
maintained until failure through automatic adjustment of the 
table height; and a paper strip provides a record of the table 
movement and thereby of the spring settling. The machine 
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has been in service only a few weeks. Less than 20 springs 
have been tested on it so far, and it is too early to draw general 
conclusions from these initial results. The available data show 
that the failures occur in reasonably close vicinity to the point of 
maximum torsional stress reached during the test. They also 
indicate that spring life in the tests is in no way proportional to 
the stress level at the point of failure. The life tends to be much 
shorter in a test which subjects a long part of the blade to a wide 
stress range, even though the maximum stress may be much 
lower than in another test where only a short part of the blade is 
subjected to a wide stress range. 

When a common helical round-wire spring with constant pitch 
is fatigue-tested between two fixed heights, the maximum stresses 
at the surface of the wire are substantially proportional to the 
spring deflection. Also, for any given relative position between 
the wire surface and the spring axis, the stresses are substantially 
identical throughout the length of the wire, and failures are 
therefore apt to occur in any one of the active coils of the spring. 

The stress pattern in the volute spring is much more com- 
plicated (1) because of the variable rate of the spring and (2) 
because with increasing load the maximum stress shifts from the 
outer heel point to some of the inner coils and keeps on shifting 
until the entire spring has gone solid. This discussion and the 
diagrams accompanying it are based on the methods of com- 
putation detailed in a previous paper by the author.? They are 
worked out for springs with constant pitch angle, Fig. 3, a feature 
which has generally been considered as a main characteristic of 
the volute spring. 

Actually, of course, most finished volute springs do not possess 
a constant pitch angle. Their pitch angle is smaller at the inner 
heel point than at the outer, Fig. 4; it varies in the opposite di- 
rection from the pitch angle of the conical spring which is largest 
at the inner heel point.- At present, the changes in volute-spring 
pitch angle vary considerably with design and manufacturing 
practices. Fig. 5 shows that a difference in the presetting opera- 
tion is sufficient to change the pitch angle in the large and small 
coils appreciably, even in springs which have otherwise been 
produced identically and by the same manufacturer. When 
the presetting operation is performed with only the largest coils 
supported on a ring, and the smaller coils pushed down below 
the solid spring height, the outer coil is apt to retain its original 
high pitch angle, while a rather sudden “kink”’ in the profile line 
may develop at some point not supported by the ring. When 
the spring is mounted on a fixture which, at least theoretically, 
permits the presetting to be carried to a reverse parabolic en- 
velope, the overstressing will still be greater in the smaller coils 
and will cause greater yielding there with greater reduction of 
the pitch angle. However, the transition from the larger pitch 
angle at the outer heel point to the smaller pitch angle at the 
inner heel point will now be more gradual. 

When a generally satisfactory basis for uniform manufacturing 
practices can be reached, the computation methods will be 
changed to conform. In the meantime, the computation with 
constant pitch angle continues in widespread use, although 
certain allowances are made at least mentally regarding the 
peak stress values and the shape of the load-deflection curve. 
It is quite obvious, for instance, that even when the torsional 
Stresses are computed with the Wahl correction factor (as in the 
diagrams, Figs. 6 to 10), values in excess of 200,000 psi could not 
be reached without exceeding the yield point of the best alloy 
steels in use at a hardness range which avoids brittleness. On the 
other hand if, in a given spring design with given total deflection, 
too much free reign were given in the variation of the pitch angle, 
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PRESETTING 


the amount of energy to be stored by the spring would suffer 
appreciably, even though the stresses would benefit. 


Srress D1aGRAMs FOR TYPICAL VOLUTE SPRINGS 


With these reservations in mind, the stress diagrams of two 
typical springs may now be considered. They have been chosen 
because they are comparable in diameter and in blade thickness. 
However, they vary in blade width and in total deflection, and 
one of them has a slight amount of taper in the active part of the 
blade. Diagrams have been drawn for five different test cycles. 
In all five cycles, the energy input equals approximately 22,500 
lb-in. Two of them operate from a minimum load of approxi- 
mately 1500 lb, two of them from 5000 Ib, and one from 8500 
Ib. (Table 1 and Figs. 6 to 10.) 

The lower left diagram in each illustration shows the load- 
deflection curve of the spring, with the region of the particular 
life-test cycle blocked out in heavy outline. The upper left 
diagram shows the maximum torsional stress in some part of the 
spring corresponding to each point in the load-deflection curve. 
The lower right diagram shows the load at which each part of 
the blade bottoms. The abscissa does not give the developed 
blade length, but more conveniently the coil radii from the outer 
to the inner heel point, thus providing the same length of the 
abscissa for each coil, whether it is a large outer or a small inner 
coil. The upper right diagram shows the stresses in each coil at 
every successive !/, in. of deflection. The region of the particu- 
lar life-test cycle is again blocked out in heavy outline. The 
lower border indicates the stresses under the minimum test load, 
while the upper border indicates the stresses under the maximum 
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TABLE 1 DATA ON VARIOUS LIFE TESTS CONDUCTED WITH TWO VOLUTE-SPRING TYPES OP SIMILAR DESIGN 
No. of 
Coils 
Springs Max. Stress with 
with Height Load Renge Location Max. Rengeat 
Blade Test at Start during Test Stress of Mex. Max. Stress Outer om op ‘Min. Max. 
Width Stroke of Test (Constant) Diagram Stress Stress Range Reel 60,000 _Life Settling 
in. in. in. lbs. Pig. Coil lbs/in® lbs/in® coils Cycles in. 
(from 
outer heel) 
6-7/8 2-1/2 9-5/6 5000-1700 6 3-1/4 147,000 105,000 21,000 2-2/4 111,000 -08 
3-5/8 11 1600-13500 7 2-1/2 130,000 114,000 64,000 4-1/2 63,000 -41 
6-1/2 3-3/4 11-1/2 1600-11000 8 1-1/4 129,000 114,000 90,000 4-1/4 64,000 .36 
2-6/8 10 5000-13600 9 1-3/4 148,000 90,000 42,000 3-1/2 140,000 
" 1-3/4 8-1/2 8500-21000 10 3 182,000 106,000 0 2-1/4 197,000 ll 


(see Text)(see Text) 


test load. The vertical distance between both is a measure of 


the stress range in any particular part of the spring. 

The upper right diagram in Fig. 10 shows that theoretically in 
this test the maximum stress is 198,000 psi, and the maximum 
stress range 118,000 psi, and that both prevail at the inner heel 
point. But here the previously discussed deviations from the 
computation for constant pitch angle come into play. It can 
be regarded as certain that the stresses at the inner heel point 
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in this test do not represent peak values; for this particular test with 
springs of this design has been conducted in both machines 
with more than twenty springs, and in all these tests no failure 
has ever taken place within the innermost active coil. Instead, 
the springs have broken within half a coil on either side of the 
stress peak at the junction of the third and fourth coils. In fact, 
the majority of all the breaks in all the different test cycles shown 
in the diagrams have started within half a coil of the location of 
the peak stress reached during the test, and the rest of the breaks 
have started within one coil of the peak-stress location. Fig. 11 
shows a record sheet with entries on a failed spring. Figs. 12 
and 13 illustrate a broken and a cracked coil, respectively, and 
Tepresent typical failures as they occur in the life testing. 


Fig. 12) Typicat VoLuTEe-SprinG 


Resutts or Lire Tests oN VOLUTE SpriNnGs 


The information in Table 1, on the results of the life tests, has 
been confined to the minimum number of cycles before failure in 
any one spring of that group, and to the maximum settling in 
any one spring of that group during the test. No importance 
should be attached to these figures themselves, but only to their 
relative magnitude. Also, no comparison should be attempted 
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Fig. 14 Farture Due To 


between the two types of springs since they were manufactured 
from different materials. In order to bring out the apparent 
connection between short life and large settling, on the one hand, 
and a wide stress range in a long part of the blade (even at a com- 
paratively low stress level), on the other hand, a column has been 
inserted with the number of coils in which the stress range during 
the test exceeds the (arbitrarily chosen) value of 60,000 psi. 

It is particularly instructive to observe that the results of the 
test represented in Fig. 10 are about 3 times as good as the re- 
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sults of the test represented in Fig. 8. The test represented in 
Fig. 10 subjects 2'/, coils to a stress range in excess of 60,000 
psi, and each point in these 2'/, coils reaches a maximum stress 
in excess of 140,000 psi. In the test represented in Fig. 8, none 
of the points subjected to a stress range in excess of 60,000 psi 
reaches a maximum stress of even 130,000 psi. However, there 
are as many as 4"/, coils (i.e., the entire spring) under this wide 
stress range, and the test results are correspondingly poor. 

While caution has been expressed about taking the stress 
diagram in Fig. 10 too literally, still it is instructive in pointing 
toward one of the inherent difficulties encountered with the 
tapering of an active part of the blade. The purpose of this 
tapering is a stress reduction. Actually it succeeds only in re- 
ducing the bottoming stresses in the tapered section, and this 
at the cost of raising the stress level under lower loads, because 
the weakened section is brought closer to the bottoming point 
than it would be without tapering under the same loads. It is 
therefore well to consider the relative frequency with which the 
spring in actual service may be subjected to loads short of the 
final bottoming load, and to weigh the stresses repeatedly reached 
under these loads against the stresses under the maximum load 
which may be reached only in rare instances, and which may 
therefore not be as detrimental to the life of the spring. 

Another word of caution regarding the tapering of the active 
part of the blade is in order. It reduces the blade thickness not 
only in the active section but also in the adjacent inactive end 
coil, and is apt to impair the bearing area at the small end to such 
an extent that failure may start due to the overloading of the 
blade edge, Fig. 14. In cases where very high stresses invite a 
very long taper, the loss in bearing area is quite pronounced and 
is accompanied by increased difficulties in the manufacturing 
operations to produce the taper. 
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Where all these considerations come together it seems logical 
to heed the conclusion to which H. O. Fuchs has come from his 
study of secondary stresses, namely, to omit one or more of the 
inner coils, So far, there has been no opportunity to verify 
the benefits of this step by tests, but they are to be conducted in 
the near future. 

The shaping of the inner end of the spring gains particular sig- 
nificance when it is realized that in some of the known field appli- 
cations a certain percentage of failures has originated in the 
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inner active coil, in a region which has remained free from break- 
age in the laboratory testing. This is of course due to the sort 
of loading to which the spring is subjected in service and which 
cannot readily be duplicated in the laboratory. The regular 
loading and life testing in the laboratory take place in a purely 
axial direction. The more complex loading on the job may be 
the result of a combination of forces. The only application of 
a force other than axial which we have so far attempted in the 
laboratory was in the lateral direction. In a setup which held 
the inner and outer coils parallel with each other, Fig. 15, the 
lateral load was applied under various vertical loads. The 
diagram plotted from these tests, Fig. 16, indicated an initial 
lateral rate which was approximately twice the initial axial rate 
of the spring. 

Bumper volute springs have replaced rubber bumpers in several 
cases. Their load-deflection characteristics can be approximated 
to a certain extent, though frequently the available space limits 
the quantity of steel which can be employed and thus the energy 
which can be stored (Figs. 17,18). Since these springs are usuaily 
under no load, they offer a special mounting problem. One 
method is to weld lugs to the outer inactive coil. For those who 
object to the welding of spring steel, a bracket has been worked 
out which fits over the outer inactive coil when it has been given 
a single trim operation (Figs. 19, 20). In some cases, the fitting 
of a soft-steel plug is required where the bumper spring engages 
a structural member which may suffer damage from the scraping 
of the hardened blade edge. Such springs have been tested on 
the punch press and also on the drop-weight machine under the 
periodic impact of a falling weight which represents more nearly 
the service application of this group of springs. 
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The study of the entire volute spring complex has been 
-greatly stimulated by the activities of a special subcommittee 
which has been formed under the Spring Committee of the 
S.A.E. War Engineering Board. In this group, representatives 
of the makers and of the users of volute springs have united 
in a co-operative effort to find ways and means for the designing 
and building of better volute springs. Theoretical training and 
production experiences are being pooled in a wholehearted effort 
to serve the national interest. Research investigations of con- 
siderable scope have been started, and a manufacturing specifi- 
cation is being worked out for the larger suspension springs 
which require the use of a high-grade alloy steel such as NE 9262. 

If any further proof were needed, the test work of the past year 
has confirmed the conviction of the volute-spring proponents that 
this is a resilient member of unique values which, however, can 
be realized only when the manufacturing technique has been 
more fully mastered. As stated in the draft of the manufactur- 
ing specification, the aim is to obtain best fatigue life with 
maintenance of loaded height. Minimum decarburization, close 
control of heating cycles, uniform quenching and drawing are 
some of the recognized difficult subjects for which the best possible 
practices are to be established. Continued test work will be an 
indispensable accompaniment to this development. It goes 
without saying that many of the lessons which we are learning in 
the course of this program, sometimes the hard way, will ulti- 
mately benefit the engineering knowledge on other types of 
springs. But, regardless of this, it appears an easy prediction 
to make that with so much talent and effort now concentrated 
upon the subject, the volute spring will emerge as a better under- 
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stood and, therefore, a more valuable engineering unit than it 
has been in the past. 


Discussion 


H. O. Fucus.* The author has provided some interesting test 
results on volute springs, as summarized in Table 1 of the paper. 
The writer was particularly interested in the apparent discrepancy 
between spring life and calculated stresses. Therefore an at- 
tempt was made to express in figures the “mental allowances” 
which the author mentions in connection with his calculation 
methods. Author and writer recognize that all stress calcula- 
tions are approximations and the following reasoning is given as a 
second approximation. 

We must consider both load, stresses, imposed by the applied 
test load, and residual or trapped stresses, which result from 
manufacturing practices such as quenching, shotblasting, and 
in the case of volute springs particularly from presettling. 

The trapped stresses can be calculated if the shape to which 
the spring was originally coiled, the shape to which it was set 
down, and either the yield point of the material or the shape of 
the spring after settling are known. 

The load stresses can be calculated most conveniently from 
blade thickness, coil radius, and helix angle. It must be recog- 
nized that it is not safe to make any assumption about the helix 
angle. The author shows in his Fig. 5 how the helix angle is 
affected by various manufacturing practices. The shape of the 
coiling fixture and the shape of the presettling fixture determine 
the distribution of helix angles on the finished springs. This is 4 
problem in springback which may be solved approximately by 


3 Product Study, General Motors Corporation, Detroit, Mich. 
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the use of Table 2 of this discussion, which was calculated by a 
method like that quoted by Timoshenko‘ for round bars. 

We cannot expect consistent results from volute springs if 
we leave the coiling and presettling practice to the whim of the 
toolmaker. They must be known and specified as closely as 
hurdness and chemistry of the steel. Table 2 of this discussion 


TABLE 2 PRESETTLING OF RECTANGULAR STRIP IN TORSION 


Nominal stress in first Nominal stress in later ’ 
deflection (calculated deflection, after losing Ratio of springback to 


from deflection) free height original deflection 
1.5 
2.5 Ye 1.42Y 0.57 
3.0 ¥ 1.37 Y 0.685 
1.35Y 0.75 
1.67 1.31 Y 0.82 
14 Y 1.24 Y 0.885 
Y Y 1 
1 


(Y = yield stress). 

results from an attempt to design a coiling fixture and pre- 
settling bowl for a definite distribution of helix angles and trapped 
stresses. 

The load stress minus the trapped stress cannot exceed the 
vield stress. If the spring were presettled on a flat plate, bottoming 
load stress minus trapped stress may equal the yield stress. 
If the spring were presettled in a bowl, their difference would be 
less than the yield stress. 

In applying this line of reasoning to the springs with 6'/2-in. 
blade width mentioned in Table 1 of the paper it was assumed that 
the springs were originally coiled to a uniform helix angle of 
0.112 radians, presettled on a flat plate, and that their yield stress 
was 115,000 psi. The resulting helix angles of such a spring can 
be scaled from Fig. 8 of the author’s older paper.’ The value of 
the yield stress was derived from comparison of the measured 
springback with springback calculated by means of Table 2 of 
this discussion. 

Curves of bottoming load and bottoming-load stress, plotted 
over coil radius, were calculated, and the stress ranges obtained 
from the proportion 


Stress range/bottoming stress = load range/bottoming load. 
In Table 3 of this discussion, the result is summarized and com- 


TABLE 3 COMPARISON OF DISCUSSER’'S AND AUTHOR'S 
STRESS CALCULATIONS 


Measured Discusser’s values¢ —-—Author’s values— 
Maxi- Maximum 

Test mum Minimum Stress Trapped Maximum _ stress 
stroke, height, life, range, stress, stress, range, 

in. in. cycles psi psi psi psi 

31/4 111/23 64000 115000 18000 129000 114000 

24/8 10 140000 87000 23000 143000 90000 

13/4 81/2 197000 91000 38000 182000 106000 


@ Maximum total stress 115,000 psi in all three cases. 


pared with the author’s calculations. It is believed that stresses 
calculated in this manner give a much better correlation with 
test life; the test result seems to indicate that high trapped 
stresses produce an improvement beyond the reduction of 
maximum total stress. This seems reasonable but will require 
further experimental investigation. 


H. C. Keysor.* Testing volute springs is a subject both 
broad and new. There is need for extensive work and we are 
therefore indebted to the author for blazing the trail so well. 

When we seek to compare calculated stresses with endurance 


* “Strength of Materials,” by S. Timoshenko, vol. 2, second edition. 
D. Van Nostrand Company, Inc., New York, N. Y., 1940, p. 229. 

Author's ref. (2), p. 229. 

* American Steel Foundries, Chicago, II. 


tests, we must recognize that volute calculations, as now usually 
made, are based upon premises which are fictitious in several 
respects. 

Axial loading is assumed, which is contrary to fact. A series 
of tests now being conducted by the writer indicates that load 
eccentricity exists in a magnitude sufficient to affect fatigue tests. 

A constant helix angle is assumed. This assumption is fairly 
accurate for some springs, depending upon design, method of 
coiling, and presetting, but in many cases it is far from the truth. 
For example, some test measurements are shown in Fig. 21 of 
this discussion. The developed bar contour was obtained by 
measuring with a surface gage the height at regular intervals 
along the bar. These heights are plotted against developed bar 
length in Fig. 21, for two cases, (1) before springs were cold- 
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Fic. 21 Test MEASUREMENTS OF VOLUTE-SPRING CONTOURS 
set, (2) after cold-setting. For the first case, the test graph 
is approximately a straight line, as we should expect, since the 
bar in coiling naturally follows a constant helix angle if the 
mandrel is cylindrical. After cold-setting, the contour becomes 
curved, the helix angle decreasing as the coil radius decreases. 
The change is very marked. According to conventional methods, 
assuming a constant helix angle, we would calculate for the con- 
tour shown by the dotted line. At the inner heel point we would, 
on this basis, obtain our solid stress from tan S;, which is about. 
50 per cent greater than the correct slope tan S:, consequently 
the stress would be about 50 per cent in error. 

The conventional method assumes that, at the outer heel, the 
bar is absolutely fixed against rotation but is free to angle in a 
plane tangent to the coil circumference. As a consequence, 
the elastic curve would be parabolic. Actually, the end condi- 
tions are different, resulting in an elastic curve with sinusoidal 
waves; hence closure on the base plane is not continuous, as 
indicated by the usual method of calculation, but proceeds in a 
series of jumps. This fact can be readily demonstrated by in- 
serting a piece of paper between the base of the spring and the 
loading plate and applying a load. The pressure pattern ob- 
tained shows definitely that closure is discontinuous. It follows 
that stresses calculated on the assumption of continuous closure 
will be more or less fictitious. 

The conventional method deals with load stresses only, taking 
no account of the residual stresses which must inevitably be 
present after cold-setting. 

A consideration of these factors makes it clear that a good 
correlation between fatigue life and calculated stresses can 
hardly be expected until we can put our methods of calculation 


at 
is t — 
| 
4 
: 
| 
- 


532 


on a more logical basis. Thus turning to the author’s Table 1, 


we have the following: 


Minimum life, 
cycles 
64000 
140000 
197000 


Maximum stress, Maximum stress 
psi range, psi 
129000 114000 
143000 90000 
182000 106000 


We might expect an increase in life in the second item due to the 
stress range decreasing; yet comparing the second item with the 
third, we see that increasing the stress range and the maximum 
stress gives an increased life. This result is so contrary to prin- 
ciples of fatigue testing, that one is forced to conclude the stresses 
(which are calculated values) are in error due to the various de- 
ficiencies in calculation methods which have been discussed in 
the foregoing paragraph. A partial explanation, as given by the 
author, may be the decrease in the number of coils subjected 
to stress range in excess of 60,000. Nevertheless one would like 
to see what the actual or measured stresses would be, if it were 
possible to determine them. 

The foregoing statements are made to emphasize the fact that 
theoretical analysis of volute spring is sadly deficient and far 
behind laboratory test work. The experimental engineer has 
a right to demand that the theorists furnish him with logical 
calculation methods which shall serve as a reliable guide in his 
investigations. 


E. H. Linpeman.’ Laboratory fatigue tests can provide much 
useful information for improving the durability of volute springs, 
and it is to be hoped that the program initiated by the author can 
be continued without interruption. 

Data accumulated from laboratory tests, however, will have 
the greatest value only when it is possible to correlate results 
obtained in the laboratory and in the field. At the present time, 
volute springs are being used in suspension systems where the 


7 Eaton Manufacturing Company, Detroit, Mich. 
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complex loading causes secondary stresses which are highly 
detrimental to fatigue life. In these instances, laboratory tests, 
such as those described, will be of limited value in determining 
the life expectancy of volute springs in field service. If tests 
were conducted on complete suspension units, the results ob- 
tained would be much more informative. 

It is hoped that designers will recognize the fact that, in order 
to obtain maximum fatigue life, volute springs should be sub- 
jected to axial loading only. When these springs are properly 


used in suspension systems, data obtained from laboratory tests 
on axially loaded volute springs will acquire greater value. 


AvuTHOR’s CLOSURE 


Both Mr. Fuchs and Mr. Keysor have correctly emphasized 
the importance of a sharper distinction between ‘‘calculated”’ 
stresses and ‘‘actual’’ or “‘net’’ stresses, the latter taking into ac- 
count the residual stresses which are incorporated in the spring 
by various manufacturing operations. If we can succeed in de- 
termining more accurately the magnitude of the residual stresses 
and of their influence on fatigue life this knowledge will benefit 
not only the volute spring but also other types of springs. This 
study and the eventual control of the manufacturing operations 
by which the residual stresses are set up could be assisted enor- 
mously if a reliable method were found for checking residual 
stresses in a production part. 

The discrepancy in spring loading between test setup and field 
usage mentioned by Mr. Lindeman is peculiar to the majority of 
suspension applications. The need for supplementing the spring 
laboratory tests by tests with the complete suspension unit is well 
recognized by suspension engineers. Still such tests are the ex- 
ception rather than the rule because they require bulky equip- 
ment. One test installation of this type is at present in prepara- 
tion, and it seems possible that the hope for achieving an entirely 
satisfactory correlation between theory, laboratory data, and 
service results may be realized within a reasonable period of 
time. 


‘ 
‘ 
‘ 
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Volute-Spring Formulas 


By C. J. HOLLAND,' CHICAGO, ILL. 


Previous formulas for determining stresses, loads, and 
deflections in volute springs are very few, such as there are 
being unwieldy and difficult to apply. To correct this 
situation, the author has developed simple formulas for 
volute springs based on tensile stress which include fac- 
tors covering the proper consideration of bar curvature, 
pitch angle, and bending stress. By geometry he shows 
that a line, drawn through the mean diameters of the 
turns of a volute spring, is a parabola, but that the line 
differs very little from a straight line forming the side of a 
triangle; that using the triangle as a base for the deriva- 
tion of his formulas does not introduce any appreciable 
error and does permit of extreme simplification. He also 
points out that volute-spring formulas should be based on 
diameters, because the turns of a volute spring are not 
circles, and therefore using the radius will not give accu- 
rate results. The author carries through typical design 
calculations to show the application of the formulas, in- 
cluding the developed bar length and the weight of the 
finished spring. 


HE volute spring may be defined as a coil spring made from 
fic relatively wide, relatively thin bar or blade, wound so 

that each adjacent turn or coil partially overlaps its adja- 
cent turn or coil and so that a line representing the mean diame- 
ter of its turns or coils is a conical spiral line. 

Volute springs are probably as old as any form of coil spring. 
Locomotives built by the Vienna works of the Privileged Aus- 
trian-Hungarian State Railway Company, during the years 1845- 
1857, were suspended on volute springs throughout.? 

Although virtually discontinued as a suspension spring, Euro- 
peans have continued to use it in railroad cars as a buffer spring 
as well as in machine design. During the first world war, Ameri- 
can spring manufacturers made a considerable number of heavy 
hot-wound volute springs for use as buffer springs in European- 
designed railroad cars, built during that period in the United 
States for export to France, Russia, etc. All of the volute springs 
referred to were designed to have considerable clearance between 
the turns. With the exceptions mentioned, heavy hot-wound 
volute springs were practically unknown in the United States 
until the late twenties. 

It seems to the author that the main reason for this lack of in- 
terest in the volute spring in the United States was because of the 
fact that the formulas available for figuring loads, deflections, and 
stresses were either very long and tedious, or they did not give 
satisfactory results. Whenever a new design was required, it 
took altogether too much time to make the calculations, and the 
engineer turned to helical or elliptical springs, which he could 
calculate with good accuracy in a comparatively short time. 
This paper will develop and set forth formulas whereby the engi- 
neer can calculate the characteristics of volute springs with 


' President, Holland Company. Mem. A.S.M.E. 

* “Springs and Suspension,” by T. H. Sanders, The Locomotive 
Publishing Company, Ltd., London, 1930, p. 121. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Annual Meeting, New York, N. Y., 
Nov. 30-Deo. 4, 1942, of Tue American oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


approximately the same ease and accuracy as he can calculate 
helical springs. 


CHARACTERISTICS OF THE VOLUTE SPRING 


In a volute spring, formed from a bar of uniform cross section, 
the largest-diameter coil is the weakest and, conversely, the small- 
est-diameter coil is the strongest. Also, in a volute spring, the 
relation between load and deflection is proportional until the 
largest-diameter coil goes solid, or bottoms, after which the load 
increases faster than the deflection increases. In other words, 
when the largest active coil bottoms, the spring rate increases. 
As vehicle speed is increased, the intensity of occasional heavy 
shocks becomes greater. The volute spring with its increasing 
spring rate provides a greater factor of safety against oversolid 
blows for such cases. Add to this elastic increasing spring rate 
frictional damping, and the shock capacity is further increased, 
which is just the characteristic required for many modern vehicles. 

To function as a load-supporting spring, a volute spring should 
be designed so that the largest coil, which is the weakest coil, 
will not bottom under its normalload. Assuming the bar section 
to be constant, the stress will vary from maximum in the largest 
or weakest coil to a minimum in the smallest or strongest coil. 
If any coil bottoms under the normal working load, the material 
in that coil is useless. 

The author became interested in volute springs about 20 years 
ago. He made an effort to use the then known formulas but soon 
discovered that none of them was reliable. Accordingly, he 
reached the conclusion that such volute springs as had been made 
up to that time must have been on a cut-and-try basis, probably 
with a subsequent effort to fit a formula to the spring as produced. 
Because of the lack of reliable information, the author was forced 
to design his volute springs, coil by coil (and where greater 
accuracy was required, half coil by half coil), treating each indi- 
vidual coil of the volute spring as a single-turn rectangular-bar- 
cross-section helical spring of equivalent diameter. This proved 
to be so long and tedious a task, especially when a variety of de- 
signs were required to take care of different loads, deflections, and 
space conditions, that the conclusion was reached about 4 years 
ago that simple formulas could be developed. The formulas 
given later in this paper are the result, and they have been used in 
the author’s organization for over 3 years with very satisfactory 
results. 


ANALYSIS OF VOLUTE-SPRING DESIGN PROBLEMS 


The analysis which follows deals with volute springs which are 
hot-wound under pressure, so that the adjacent coils touch each 


other. Such springs resist closure, not only by elastic force but, 
in addition, by the friction force in the spring. These frictional 
forces vary with the pressure between coils, and with the hardness 
and roughness of the rubbing surfaces. For these reasons, the 
coefficient of friction will be a variable; therefore we will neglect 
friction and consider elastic forces only. Incidentally, friction 
will support a certain static load but will not support any dynamic 
load. The elastic force must do that job. 

We will assume the bar section to be a true rectangle, that it is 
not distorted by coiling; and we will also assume that the resultant 
load on the spring is axial. The fact that the coils are guided by 
each other as they telescope one within the other during’ com- 
pression, thereby preventing the tipping action implied by a non- 
axial load, justifies this assumption. Also, hot-wound heavy- 
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duty springs, as manufactured in production quantities, are 
invariably coiled to an excess free height. After heat-treatment, 
when the springs are cold, this excess free height is removed, i.e., 
the springs are given a permanent set by compressing them one or 
more times under a load in excess of the rated capacity of the 
springs. Therefore, the spring will adjust itself to a condition of 
uniform stress in the solid state. To satisfy that condition the 
vertical pitch will vary from a maximum in the largest active coil 
to a minimum in the smallest active coil. Further, note that the 
stresses used in the formulas to be given are tensile stresses. 
Also, the diagram shows that volute-spring formulas should be 
based on coil diameters because the radius of any individual coil 
in a volute spring is different on one side of the center line from 
what it is for that same coil on the other side of the center line. 

Based on these restrictions, the following formulas were de- 
vised, which permit of quick and accurate determination of the 
loads, deflections, and stresses in such volute springs. Their 
derivation is given in the Appendix, together with the nomencla- 
ture used. Also, two tables of constants used in these formulas 
are included. If space limitations or other conditions require 
maximum accuracy in any formula, the Appendix gives the basic 
derived formula, together with tables covering the variables in- 
cluded in the formulas in symbol form, thereby enabling the 
engineer to give effect to the correct values required to take care 
of Saint Venant’s values for torsion in rectangular bars, bar curva- 
ture, pitch angle, and bending stress. The formulas are as 
follows: 

Deflection (straight-line portion) in terms of load P,, the value 
P, not exceeding the capacity of the weakest coil D,, equivalent 
to the capacity of a helical spring of rectangular-cross-section bar, 
having a mean diameter equal to D, and a cross section of the 
bar equal to tb, is given by 


P,(Dit — 


3.28Gbtp 


The formula for deflection(straight-line portion) in terms of 
tensile stress gives the total deflection in terms of tensile stress 
for any stress up to that which will close the weakest coil D, solid. 


S.(Dit— 


The condition represented by Equations [A] and [B] is one in 
which there is a variable stress in the different coils of the volute 
spring; in other words, any load on a volute spring deflects the 
weaker coils more than it does the stronger coils, and therefore 
the weaker coils operate under a higher stress and through a 
greater stress range than do the stronger coils, for any load under 
which the entire spring remains active. The various coils are 
uniformly stressed only when the entire spring is solid. 

Tensile stress in terms of deflection, such that when all of the 
coils are closed solid each coil is uniformly stressed, is given by 


The author hopes that information contained in this paper will 
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contribute to the sum total of volute-spring-engineering knowl- 
edge, and that spring engineers will find these new tools useful in 
solving some of their problems which have heretofore been very 
difficult. 


Appendix 


NOMENCLATURE 


The following nomenclature (dimensions given in inches and 
weights in pounds) is used in the Appendix: 
a=t 
axial width, or height of cross section, which also equals 
actual solid height of spring 
b/t 
deflection: f,, = deflection under variable stress; fy, = 
deflection under uniform stress, viz., when entire spring is 
solid or bottomed 
deflection under load P, 
solid slant height; assumed to equal tg X n 
OD — (ID + 2tq) 
2tg 
(D,— D.)tg D,—D» 
or 
2h 2n 
thickness of cross section tb, rectangular shapes, as- 
sumed to equal 0.85/g, which value will vary with coiling 
temperatures and pressures and/or clearance between turns 
thickness of cross section plus gap or clearance between 
turns 
weight of 1 cu in. of steel = 0.2833 
apex height of triangle or half cone 


number of active turns = 


average horizontal pitch of turns = 


coefficient based on Vogt’s term which includes 


D 
bar curvature, pitch angle, bending stress, and factor (1.3) 
which changes torsional stress to tensile stress (see Table 2) 
mean diameter of largest active turn = OD — 1.5 tg 
= mean diameter of smallest active turn = ID + 1.5 tg 


= mean diameter of any convenient active turn = 


= torsional modulus of elasticity = 10,600,000 
H = free height = b plus total deflection 


= developed length of bar «oN 


2 
N = total number of turns = n + 1.5 
P = load on spring 
P, = load to make largest active turn solid 
P; = load to make smallest active turn solid 
P, = any convenient load 
S = torsional stress in compression springs, psi 
S, = tensile stress in compression springs, psi 
W = weight of finished spring = 0.383 Nbt (OD + ID) 
7 =t/D 
m2, 7s = Saint Venant’s coefficients for torsion in rectangular bars 
(see Table 1) 


TABLE 1 VALUES OF CONSTANTS FOR TORSION IN RECTANGULAR BARS 


6 7 8 9 10 11 


12 13 14 15 16 17 18 19 20 


0.2985 0.3033 0.3070 0.3103 0.3125 0.3134 0.3158 0.3171 0.3182 0.3192 0.3200 0.3207 0.3214 0.3220 0.3226 
0.2985 0.3033 0.3070 0.3103 0.3125 0.3134 0.3158 0.3171 0.3182 0.3192 0.3200 0.3207 0.3214 0.3220 0.3226 


TABLE 2 VALUES FOR CONSTANTS TO USE IN CALCULATING VOLUTE SPRINGS 


6 7 8 9 10 11 


12 13 14 15 16 17 18 19 20 


= 1.5409 1.4980 1.4674 1.4445 1.4267 1.4124 1.4007 1.3910 1.3828 1.3757 1.3696 1.3642 1.3595 1.3553 1.3516 
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HOLLAND—VOLUTE-SPRING FORMULAS 


Stress, DEFLECTION, AND Loap Formu.as ror Hor-Wounp 
Heavy Springs in Wuicu VERTICAL Pitch ANGLE Is 
Nor ConstaNnT IN FINISHED SPRING? 


In searching for some means of developing simple formulas, a 
volute spring was laid out in cross section with the mean diame- 
ters of its turns indicated by points. Drawing a smooth curve 
through those points gave a figure having the form of a parabola. 
Investigating the application of the mathematical formulas re- 
lating to parabolas indicated that the method of approach would 
be complicated. The cone offered a very close approximation 
and was chosen, and the formulas were developed as follows: 

A volute spring is composed of a number of elementary spiral 
turns, each turn being in itself nearly the equivalent of a single- 
turn helical spring of rectangular-bar cross section, and each turn 
differing from its adjacent turn in one respect, viz., that each 
turn has a mean diameter less than the turn outside of it and 
greater than the turn inside of it. These increments of change in 
the mean diameter result in corresponding increments of change 
in the deflection of the successive turns. These values, being 
determined by the one general expression for deflection of helical 
springs, may be added together by resorting to calculus. Be- 
cause the increments of change in the mean diameter are, in this 
case, in proportion to the increments of change in the assumed 
solid height, it follows that the increments of deflection also follow 
those of the assumed solid height, and that we may expect to 
arrive at the summation of the deflections through a summation 
of the increments of change in the assumed varying solid height, 
which, for successive individual coils, increases from 0 to its maxi- 
mum, h (see Fig. 1). 

R. F. Vogt? developed stress and deflection formulas, which 
include the influence of the curvature of the bar, pitch angle, and 
bending stress, as well as Saint Venant’s coefficients for torsion 
and the factor (1.3) which converts the equivalent torsional shear- 
ing stress into tensile stress, for reetangular-bar helical springs. 
Note particularly that allowable working stresses must be in- 
creased to correspond, if the formulas based on torsional shearing 
stresses and tensile stresses are to give concordant results. His 
formulas for deflection and load are as follows: 


' Based on: “Stress and Deflection of Helical Springs,’’ by R. F. 
Vogt, Trans. A.S.M.E., vol. 58, 1936, pp. 467-475. 


(1 + 0.392) 


= 


[2] 


Converting these formulas by substituting symbols more 
generally recognized, the following is obtained for deflection 


f 
and as Vogt says,‘ ‘“The direct shear correction factor (1 + 0.39?) 
for curved bars varies so little from unity that in general practice 
it may be justifiably replaced by unity,” we will eliminate it, and 
the formula becomes 


and for load 
2nS ht? 


In order to avoid complications, as we proceed to develop sim- 
ple formulas for a spring composed of variable diameters, we com- 


1.284 
), and substitute 

in the formula for this term the symbol C, so that this formula 
becomes 


pile Table 2, giving values for the term 


2 


and for stress 


4“Stress and Deflection of Helical 


Springs,’ by R. F. Vogt, 
; Trans. A.S.M.E., vol. 58, 1936, p. 475. 
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Equations [4], [6], and [7] may be considered fundamental 
formulas for deflection, load, and stress in terms of tensile stress 
for single-turn (n = 1) helical springs of rectangular-bar cross 
section which include the consideration of bar curvature, pitch 
angle, and bending stress. 

Referring to the diagram Fig. 1, it will be noted that A = apex 
height of the triangle or half cone; h = assumed solid slant height, 
and tg = bar thickness plus gap or clearance between turns. 
Therefore the expression for deflection, Equation [4], becomes 


g 


In a volute spring, the value D is not a constant; it is a variable 
which we will represent by (2R,). We choose D and not R, be- 
cause the coils of a volute spring are conical spirals; they are not 
cylindrical. Therefore in each individual turn 


Substituting this value of f with the proper value of the variable 
D, we have 
aP,(2R,)*h 8rP,R,%h 


, of, = and 


= 


h h 
8xP 8xP 
= R,idh, = R,3 dh 
Je AnsGbttg AnsGbt5ig f 


but, as shown in the diagram 


3 dh 


A R, 
= R, = 
hence 
3hy 3h? hy 
3 = 3 — 
(1 A + A 
and 


Ri? Shy 3h 
1——* — dh 
4n:Gbtig A A? Aj 


A hR 
Also, from the diagram R, = o A= 
so 
_ | 3h2(Ri— R2) h§(Ri— R2)? h*( Ri — 
_ 8xP,Ri E Bh(Ri— Rs) — Ra)? 


D D 
but R, = and R, = hence 


| __ 3(D:— D2) 4 (Di— D2)? _ 


4nsGbl3tg 2D, D,? 4D,3 


and 
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(2 + + + 
4n;Gbt 3tg 4 D, 


= 


(D3 + + D,D,? + D,') 


therefore 


_ — 
* 16nsGbt*tg(D, — Ds) 


Also, from the diagram, notice that the average horizontal pitch 
of the whole spring is not twice the value for one half the spring. 
As previously stated, the turns of a volute spring are conical spiral. 
They are not true concentric cylinders. 

The average horizontal pitch 


D,— 
On 
or 
(D, — D2)tg 
{10} 
therefore 


«xP,(D,4 — 


If the value P, equals the capacity of D,, the largest active 
diameter or weakest turn of the spring, we have 
2n2Sht? 

CD, 


similar to Equation [6]. 
Substituting this value of P,, we have, in terms of tensile stress 
4 
16 GtpCD, 
which is the final formula for the total deflection of a volute spring 
under a load that will just close the weakest or largest-diameter 
turn in the spring. 

The two formulas so far developed give the deflection in a vo- 
lute spring under the condition of uniform load and varying 
stresses in the individual turns of which the spring is composed. 
Equation [13] gives the straight-line deflection, viz., that portion 
of the deflection, in a volute spring, in which the relation between 
load and deflection is proportional, in other words, the total 
deflection to just close or bottom the largest-diameter active turn. 

To determine the total deflection in the spring for uniform 
stress at solid height, we have a summation of increments of de- 
flection when each active turn is stressed to a maximum, viz., the 
whole spring is uniformly stressed when the whole spring is solid, 
at which point the spring becomes practically a solid block of 
steel. 

As shown previously 


[14] 
the same as Equation [8], and 
bt? - 
P 15] 
CD 
the same as Equation [6], and 
2 
[16] 
2CGttg 


fh 
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But, as in the previous case, D is a variable, D = 2R,. 
Then 
 20Gttg 
and 
if = Ridh 


From the diagram 


h 
R, = R, (: 


2h, 


and 
substituting 
h 
R,? 2h h? 
= 1——* + —*)dh 


and integrating and evaluating between limits of 0 and h 


but 


Ri? A(R, R:) R.)? 
2CGttg AR, 


or 


— + + R,*) 


D 
and Rk; = — 
2 


Since R, = = 


= — (D,? + + 
6CGtIg 


hence 


xS,h(D,3 — 
6CGttg(D; — D2) 


but 


(Di — 


2h 
therefore 
S.(D,3 — D2’ 
[17] 
12CGtp 
and 
12CGt 
[18] 


the same as [C'], which are the final formulas for total deflection 
and uniform tensile stress in a volute spring when all the turns are 
bottomed or solid. 
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For deflections per individual turn (n = 1) based on mean 
diameter and a given stress at solid, the Equations [4] and [6] are 
combined to put the equations in terms of stress, viz. 


The deflection for any value of D between D, and D,; = D; may 
be found in the following manner: If a given load exceeds P, a 
portion of the volute spring bottoms or becomes solid. The solid 
point may be found because 


bt? 


(from Equation [6]) and as the load in the various turns varies 
inversely, as D 


De _ Ps 
D, P, 
therefore 
D, = {20} 


The deflection for the whole spring is the sum of the two por- 
tions, viz., that portion bottomed or closed plus that portion, as 
yet, unclosed 


— D;) aS,(D,4— «nS, 
-120Gtp 16CGipD,  Gtp 
_ Ds‘) 
.. (21 
| 12C + 16CD, [21] 


SIMPLIFYING THE FORMULAS 


In any formula, the fewer the terms, the easier it is to use and 
the less the time required to obtain the result. We can further 
simplify some of these formulas by eliminating terms representing 
constants, numeral and symbol, where no appreciable error is 
introduced. An inspection of Table 1 shows that the symbols 72 
and 73, which are Saint Venant’s coefficients for stress and deflec- 
tion of rectangular bars in torsion, shows that they become equal 
for a ratio of b/t = 6, for which the numerical value of these 
coefficients is (0.2985), and remain so to infinity, for which the 
numerical value is (0.333), a total difference of (0.0348), or 9.6 
per cent. (Most heavy hot-wound volute springs will have ratios 
of b/t nearer to 20 than 10.) If a formula contains any known 
approximation or error, it should be on the safe side. Therefore 
we choose a ratio of b/t = 19 = 0.322 and using that value we 
eliminate the symbols 72 and 73. 

Likewise, an examination of Table 2 discloses that the numeri- 
cal difference between ratios of D/t between 6 and 20 is 0.1893, or 
12.29 per cent. Here we must needs use greater care. How- 
ever, in heavy hot-wound volute springs, the D/t ratio of the 
smallest active coil will rarely be less than 8, and of the largest 
active coil in the same volute spring, more than 20. Between 
the ratio of 8 and 20, the difference is 0.1158, or 8 per cent. 
Choosing the more conservative figure, we select a ratio D/t of 11 
or 1.4124. With these alterations, which the author’s organiza- 
tion has used since 1939 with very satisfactory results, the im- 
portant formulas become 


— Dat) P, (Dit — 


11 = = «+e [22 
fs 3.28Gbt8p [22] 
same as Equation [A ] of paper. 
Dz!) S.(Di4 D2*) 
16GtpCD, 7.2GtpD, [23] 


|_| 
2061 
2CGttg A 3A? 
A =——— 
R, R, 
= 
= 
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same as Equation [B] of paper. 


12CGtp 


S.(Di3 
5.4Gtp 


2CGtp Sus5.4Gtp 


[18] S,= x(D,3 — on 


same as Equation [C] of paper. 


f= 


— D,*) 
12C 
D;') 
5.4 


(D,4 
7.2Dz 


It is to be noted that taking diameters to the nearest !/j in. 
will not make the calculations for any particular spring exact, but 
they will be close enough for all practical purposes if the tensile 
stress does not border on the maximum. 


DEVELOPED Bar LENGTH 


Fundamentally, the bar length in a spring is L = 2*RN and 
2R = D; N =n + 1.5 = total number of turns in entire spring. 


n =h/tg, and N = h/tg + 1.5 


h 
L=nrD— +145 
tg 


but in a volute spring D is not a constant but is a variable, so 
for any increment of length where D = 2R,, we have 


dL = ~ 2R,dh, 
tg 


From the diagram 


therefore 


TRANSACTIONS OF THE A.S.M.E. 


and integrating 


AR, 


Also, f the di ,A= 
so, from the diagram R—R, 


Substituting these values 


xODh E 
tg 2hOD 


In this case, Ry = and = 


xODh —hOD + up) 
lg 2hOD 


(B+ 
tg 2 


h 
but — = nandn+1.5=WN 
lg 


therefore 


OD + 1D 
L=xN 


WEIGHT OF A VOLUTE SPRING 


Basically, the weight of any spring is W = length X area X 
weight of 1 cu in. of steel. So for a volute spring W = rNbtuw, 
where w = 0.2833 lb = weight of 1 cu in. of steel. 

Actually, due to tapered ends, scarfing, punching, grinding, etc., 
as performed in the manufacture of springs used in the author's 
organization, approximately 0.86 of the weight of the bar as 
calculated from the developed length = W = the actual weight 
of the finished spring. 

Therefore 


_ 0.86 X 3.1416 X 0.2833 


Nbi(OD + ID) 


Ww 


W =0.383Nbi(OD + ID)............. 


An example of the use of these formulas is given on the follow- 
ing page. 
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CALCULATIONS—VOLUTE SPRING 
Bar 5'/:in; OD = 4"/,in.; ID = 2!/sin.; F.H. = 7'/:in.; S.H. = 5'/,in.; Deflection = 2,00in. Load @ R.H. of 1'/,in. = 7500 1b 
The solid height sets the bar width, and by trial we decide on °/j in. for thickness 


t = 0.85 tg; 0.3125/0.85 = tg = 0.3677; 1.5 X 0.3677 = 0.5516; 2 X 0.3677 = 0.7354; & 


D, = OD — 1.5tg = 4.875 — 0.5516 = 4.3234, which to nearest !/isin. = 
Dz, = ID + 1.5tg = 2.125 + 0.5516 = 2.6766, which to nearest 1/j¢ in. 


(2.125 + 0.7354) 
0.7354 


OD— (ID + 2tg) _ 4.875 
2tg 
Di, — 
2n 


= 4.3125 — 2.6875/5.48 = 0.2955: 


fusd.40Gtp 


2 X 5.40 X 10,600,000 X 0.3125 * 0.2955 


= 0.09766 
t? = 0.03052 
Cubed 4th power 
4.3125 80.2024 345.8728 
2.6875 19.4109 52.1668 
Difference 60.7915 293.7060 


= 2.74; 2 X 2.74 = 5.48; n+15=N; N =2.744+ 1.5 = 4.24 


D/t for P, = 4.3125/0.3125 = 13.8 and C = 1.3843; D/t for P: = 2.6875/0.3125 


= 8.6and C = 1.453 


S. = (D, — D:') = 60.79 = 173,902 psi tensile stress 
, _ 2mSbt? _ 2 X 0.32 X 173,902 x 5.5 x 0.09766 _ ; 2 X 0.32 X 173,902 X 5.5 X 0.09766 _ 
“= Ch 1.3843 X 4.3125 = 10,014 lb; Pe 1.453 X 2.6875 15,309 Ib 
_ X 293.706 = 127in 
3.28Gbt8p 3.28 X 10,600,000 5.5 X 0.03052 0.2955 
_ P\(Dit — _ 10,114 293.706 


Total deflection in terms of load when D, is just solid = f, = 


Total deflection in terms of tensile stress when D, is just solid = fy, = 


Total deflection in terms of tensile stress when all turns are solid = fy, = 


Developed bar length = L = xN 


= 3.1416 XK 4.24 X 


~ 3.28 X 10,600,000 « 5.5 X 0.03052 « 0.2955 

= 1.706 in. 
S.(D,4 — 
7.2GtpD, 


173,902 293.706 
7.2 10,600,000 0.3125 0.2955 4.3125 
= 1.684 in. 
173,902 60.7915 
~ 5.40 X 10,600,000 0.3125 x 0.2955 
= 2.00 in. 


SAD — D3) _ 
5.40Gtp 


+ 


Weight of spring = W = 0.383Nbt (OD + ID) = 0.383 X 4.24 X 5.5 X 0.3125 X (4.875 + 2.125) = 19.54 Ib 


Discussion 


H. O. Fucus.§ Efforts to simplify the calculation of volute 
springs are very timely. To accomplish this purpose, the author 
introduces some well-justified approximations such as his fixed 
values of Saint Venant’s and Vogt’s coefficients and achieves 
some worth-while short cuts with small sacrifice of accuracy. 

As to the fundamental assumption that the maximum bottom- 
ing stresses are uniform along the blade, the writer believes that 
it needs considerable qualification. The bottoming stress and 
load-deflection formulas which are given may be correct for the 
springs used in the author’s organization. For the springs with 
which the writer is familiar, they would not even nearly apply. 
Examination of load-deflection curves is sufficient to prove the 
difference; life-test records further confirm it. The stress ranges 
from free to bottomed are much higher for the inner than for the 
outer coils, Assuming uniform maximum bottoming stress is 
therefore unsafe unless nonuniform trapped negative stresses are 
considered. Including these would spoil the simplicity of the 
formulas. 

The writer agrees with the author that the assumption of uni- 
form helix angle is usually not correct either and leads to more 
complicated formulas than the assumption of uniform bottoming 
stress. But he would be reluctant to use formulas which fail to 
lead to a correct load-deflection curve, and which err on the low 
side for the stress ranges. 

All volute springs which the writer has seen are intermediate 
between uniform helix angle and uniform bottoming stress. For- 


* Product Study, General Motors Corporation, Detroit, Mich. 


mulas can be constructed which give correct load-deflection curves 
and the correct bottoming-stress ranges at the inner heel and at a 
point near the outer heel, as well as much improved approxima- 
tions for intermediate points. These formulas must include a fac- 
tor to account for the different distribution of helix angles (or 
pitches) which may exist in two otherwise identical volute springs. 
Limiting values of this factor correspond to uniform bottoming 
stress and to uniform helix angle. 

A calculating procedure which allows for these factors was 
set up. Dimensionless stress, load, and deflection coefficients 
were calculated and plotted for-a wide range of possible volute 
springs. With these precalculated coefficients volute-spring 
computations become very simple. It is hoped that apparently 
conflicting aims of accuracy and simplicity can both be satisfied 
in this manner. 


F. P. Goocu.? The author several times makes the statement 
that the coils which are closed solid are uniformly stressed. Ac- 
cording to the writer’s development (using the author’s nomen- 
clature), the load P,, required to close solid a coil whose minor 
radius is R,, will be Equation [33] of this discussion, which is: 


6 The methods and charts, developed in co-operation with several 
members of the Volute Spring Subcommittee of the S.A.E. War 
Engineering Board, are not yet published; copies are available on 
request. 

7 Ordnance Design Sub-Office, Philadelphia Ordnance District, 
The Franklin Institute, Philadelphia, Pa. Jun. A.S.M.E. 
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L 
where = (nsbt® 
and since the moment on the coil 

M, = 


fa 

Thus the moment on the solid coils varies inversely as the 
radius of the coil, and since for any stress under the elastic limit 
the moment is directly proportional to the maximum stress in the 
bar cross section, it follows that the smallest coils are most highly 

stressed and vice versa. 

Actually, the cold-setting referred to by the author deforms the 
coils near the smallest radius, so that even under zero load the 


angle whose tangent is f is not constant but decreases as L, ap- 
z 
proaches L. 

This plastic deformation has little effect on the lower part of the 
load-versus-deflection curve but does materially reduce (from the 
calculated value) the maximum load at which the entire spring 
will go solid. 

Under Iquation [A], the author apparently states that the 
straight-line portion of the deflection curve ends where the largest 
active coil goes solid. The result of the writer’s investigation in- 
dicates that the straight-line portion of the deflection curve ends 
when the largest coil begins to go solid. The bottomed portion 
starts at R, and travels around in a spiral as the load is increased 
until the entire spring is solid. 

The formulas for deflection may be derived very simply as 
follows: 

For all coils free (before bottoming occurs) where p is a vari- 
able radius*® and if U is potential energy of deformation 


2 0 2c; 0 0 2c; 
3 


then 
So = (Ri? + Ra?) (Ry + Ra). [30] 
1 
but Equation [35] of this discussion is 


an(R, = L = 


When part of the coils are solid, the deflection of the free por- 
tion is 
P, 
The load P, required to close solid a coil of radius R, and axial 


pitch h, may be determined by equating internal and external 
potential energies 


8‘*Applied Elasticity,’”’ by S. Timoshenko and J. M. Lessells, 
Westinghouse Technical Night School Press, East Pittsburgh, Pa., 
1925, p. 32. 
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Mid M,22eR, 
2 2 2c CO 


where ¢ is the angular deflection over the length of the coil; but 


h, ff 
OL 
so 
fer 
[33] 
then 
fer 


Under load P,, the length L, will go solid and the deflection 
of the solid portion will be f,. Now 


then again letting p be a variable radius, and considering the 
spring as a spiral 


dp 
dL 2rp 


d 
1 7 

fan f = - — R,*).. B5] 
PSR: 


From Equations [34] and [35] 


an 


L,_ (R*—R,?) 
P 


then adding the deflection of the free portion 


=f, + fi =S -+- 


— R34)... [37] 


A. M. Wauz.* It should be noted that the formulas suggested 
by the author for volute springs include a factor of 1.3 (proposed 
by R. F. Vogt) which converts torsion stress to equivalent ten- 
sile stress on the basis of the maximum-strain theory of strength. 
In this connection, however, the writer would like to point out 
that the shear-energy theory .is in better agreement with availa- 
ble fatigue-test data than the maximum-strain theory. Thus, 
for example, fatigue tests on high-carbon and alloy steels, such 
as those used in springs'® show ratios of 1.7 to 2 between the en- 
durance limits in bending and in torsion. Ludwik'! reports 
values of 1.74 for this ratio for a chrome-nickel steel. These values 
differ markedly from the figure of 1.3, required on the basis 
of the maximum-strain theory used by the author, but are not 
far from the value of 1.73 predicted on the basis of the shear- 
energy theory. The latter theory also yields good results in pre- 
dicting the yield points of ductile materials for static loading. 
For these reasons, it is the writer’s opinion that, until further test 


® Mechanics Department, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. Mem. A.S.M.E. 

10 “Fatigue of Metals,” by H. F. Moore and J. B. Kommers, Mc- 
Graw-Hill Book Company, Inc., New York, N. Y., 1927, p. 147. 

11 “Kerb-und Korrosionsdauerfestigkeit,”” by P. Ludwik, Metall- 
wirtschaft, vol. 10, 1931, pp. 705-710. 
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data are brought forth in support of the maximum-strain theory 
as applied to springs, a more logical basis would be the use of the 
shear-energy theory. 

It might be argued that, if a ratio of 1.73 between equivalent 
tension and torsion stress (as required by the shear-energy 
theory) is used, the calculated equivalent stress in the spring at 
maximum load may be above the tensile strength of the material. 
The reason for this, however, lies in the fact that the calculated 
stresses (which are based on elastic conditions) are in error when 
the yield stress is exceeded and a redistribution of stresses occurs. 
Thus, if it be assumed that yielding occurs at constant stress, it 
may be shown that, in the case of a narrow rectangular blade 
under torsion (such as is used in volute springs), the load required 
to cause complete yielding over the section will be about 1.5 
times the calculated value figures by Saint Venant’s formulas 
and neglecting curvature effects. (If curvature effects are con- 
sidered, this ratio of 1.5 will be further increased.) This means 
that appreciable yielding of the spring will not occur until the 
calculated torsion stress (figured by Saint Venant’s formulas) 
reaches a value about 1.5 times the actual torsional yield stress of 
the material. Since, according to the shear-energy theory, the 
torsional yield stress is 0.577 times the tension yield stress, this 
means that yielding in the spring should occur at 0.577 (1.5) = 
0.86 times the tension yield point. Although for most spring 
materials yielding does not occur exactly at constant stress, and 
hence these figures may have to be modified somewhat, this il- 
lustration does explain why statically loaded springs may under 
certain conditions carry much higher calculated stresses than 
those indicated on the basis of the tensile strength of the material. 
The reason for this, however, is not that the shear-energy theory 
is inapplicable, but rather that the formulas are in error after 
yielding occurs. 


AvuTuHor’s CLOSURE 


Mr. Fuchs states that the bottoming stress and load-deflection 
formulas given by the author may be correct for the volute 
springs used by the author’s organization, but for the volute springs 
with which he is familiar they will not even nearly apply. The 
difference is due to the following causes: 

1 The springs with which he is familiar are designed to have 
a uniform helix angle, regardless of the fact that the diameter 
or radius of the coils is not uniform. By such a design if the 
largest active coil, which contains the largest amount of steel, 
is designed to make the most efficient use of that steel, the 
smaller coils will be overstressed by varying amounts, the 
smallest active coil being overstressed the most. Such a design 
will undoubtedly take a set in service, the smallest coil taking the 
greatest set. If such a design is preset, the smallest active coil 
will take an excessive set, and in either case the set is very apt 
to produce a minute rupture or ruptures which probably will 
result in early failure. 

2 The formula he uses contains an error in the derivation of 
the radius, namely, R; equals the outside diameter minus p or 
tg divided by 2, both p and tg being defined as bar thickness plus 
gap. Looking at a section of one half of a volute spring, the 
derivation he uses appears to be correct. However, a plan 
view of the whole spring shows that , or D, divided by 2 equals 
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outside diameter minus 1.5 p or tg divided by 2 is very much more 
nearly correct. It should be pointed out that both of these 
derivations are based on the conventional form of volute spring, 
which has three quarters of a turn at both the outer and inner 
ends for the spring seats. If the design of the volute spring 
deviates from that assumption, correction should be made for 
such deviation. 

Incidentally, the calculation procedure and charts referred 
to in the last paragraph of his discussion contain the error in 
deriving the radius just mentioned. 

Mr. Gooch questions the author’s statement that the straight- 
line portion of the load-deflection curve ends where the largest 
active coil goes solid. The author grants that Mr. Gooch’s 
statement is more accurate. The volute spring, being a spiral, 
is theoretically composed of an infinite number of arcs of varying 
radii. Practically, in manufacture, the spring is probably com- 
posed of ares which are more nearly half or quarter circles. If 
consisting of half circles, it appears that the straight-line portion 
of the load-deflection curve should end when the first half turn of 
the largest active coil bottoms, or, if of quarter circles, then 
when the first quarter turn of the largest active coil bottoms. 

Dr. Wahl states that the factor used by the author for con- 
verting torsion stress to equivalent tensile stress should be 
based on the shear-energy theory rather than the maximum-strain 
theory. According to Dr. Wahl’s discussion these two theories 
do not agree. Therefore, until such time as these theories are 
brought into agreement, or one is proved in error, a spring 
engineer who might use these formulas may prefer one theory, 
and another spring engineer the other theory. However, any 


spring engineer who desires to use these formulas is, by Dr. 
Wahl’s discussion, put on notice that the factor used is based 
on the maximum-strain theory, and he will, no doubt, convert 
to whichever theory he believes is correct, or to neither by con- 


verting to torsion stress. 

The author is grateful to the discussers for their very interesting 
comments. Admittedly, the analysis set forth by the author 
is only one approach. There comes to mind an expression 
credited to Mr. Rolls, of Rolls-Royce: “There may be a 
number of ways of doing a thing, but there is only one right 
way.” The author would like to find that one right way. How- 
ever, even that one right way will not produce a spring which 
will perform according to design if conditions, either chemical 
analysis or production methods, or both, vary irrespective of 
whether the variations are caused by necessity convenience or 
carelessness. 

If may also be mentioned that the volute spring will, no 
doubt, be more widely used in the future than heretofore, but 
it will not be the answer to all of the spring-engineer’s difficulties. 
It does not make as efficient use of the material as does the round 
wire helical spring, but it does use spring material more efficiently 
than the elliptical spring. However, that is only one of many 
characteristics which the spring engineer will consider before deter- 
mining which form of spring or design of spring will be best 
suited to perform the required functions. It is the author’s 
belief that volute springs are very interesting for designs in which 
an increasing spring rate for the latter portion of the travel is a 
desirable characteristic. 
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Notes on Secondary Stresses 
in Volute Springs 


By H. O. FUCHS,’ DETROIT, MICH. 


Besides the torsion stress which can be calculated from 
twisting moment and cross section, other, secondary, 
stresses appear in volute springs; these are caused chiefly 
by the variation of twist from section to section or by bend- 
ing of the spring. They may reach high values in the 
small-diameter coils. An approximation theory is given 
for the calculation of secondary stresses; strain-gage 
measurements and distortions of springs are shown. It is 
proposed to reduce the stresses on the smallest coils by 
three means, all of which would facilitate manufacture: 
(a) By increasing the inner diameter of the spring; 
(6) by supporting the ends more firmly with full-thickness 
stub tails; (c) by winding the straight blade on a slightly 
conical mandrel to produce a variable helix angle and more 
desirable stress distribution. 


SECONDARY STRESSES 
Pret torsional stress produced by a central load will be 


called “primary” or “main stress,” and the deflection 

of the blade center line, produced by a central load, “main 
deflection.”’ All other stresses, particularly those produced by 
other distortions or warping of the blade, will be called ‘‘second- 
ary stresses.”’ 

The main stress does almost all of the work of the spring. The 
load-deflection curve of the spring can be calculated with sufficient 
accuracy from the main stress alone. The secondary stresses con- 
tribute almost nothing to the useful work, but they may con- 
tribute to the failure of the blade. 

Secondary stresses might be classed with stress concentrations, 
with which they share the feature that they cannot be found by 
simple considerations of equilibrium between the applied forces 
and the internal forces in a cross section. Secondary stresses are 
produced by variation of the twisting torque from section to sec- 
tion, by flexibility of the dead coils and by misalignment of the 
spring seats. 

It is possible that a more thorough analysis than has been made 
so far of the curved bar under nonuniform twisting and bending 
moments would show still other types of secondary stresses. 


ConING AND CONE STREss 


Conventional volute springs are wound with a uniform helix 
angle. Under load, the helix angle decreases; if the blade section 
is constant, the decrease is proportional to the square of the coil 
radius R, according to the theory of the main stress and deforma- 
tion (1).2_ The decrease continues until the helix angle becomes 
zero at some point. Then bottoming occurs at that point, and 
the deflections continue only on the remaining active coils. 

Fig. 1 shows the height plotted over the length of the developed 


' Produet Study, General Motors Corporation. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Annual Meeting, New York, N. Y., 
Nov. 30-Dee. 4, 1942, of THe AmeERICAN Society OF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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(A, No load, uniform helix angle; B, no coil bottomed; C, 2 coils bot- 
tomed; D, 4 coils bottomed.) 


blade, according to this theory. The blade was originally 
wound on a volute mandrel with axial generating lines. When 
bottomed, it can be considered as a flat spiral with axial generat- 
ing lines. If the spring were required to conform at intermediate 
loads to a volute with variable helix angle and axial generating 
lines, the strip would have to bend about a radial axis. A 
round-wire volute may do this; a blade with high bending stiff- 
ness about a radial axis will produce the variable helix angle by 
conforming itself to a cone instead of a cylinder. 

A thin broad strip coiled around a cylinder maintains a uniform 
helix angle; when coiled around a cone it will vary the helix 
angle at the rate of x times the cone angle per turn. 

A volute blade will behave much like a developable surface. 
Since under load the helix angle increases toward the small end, the 


d 
cones will open toward the small end. The cone angle is ¢ = 2R a 


where FP is the coil radius, @ the helix angle, and L the length 
measured along the blade. 

Coning increases the radius of curvature of one small side of the 
blade and decreases the radius of curvature of the other small side. 
This introduces a bending stress, which in first approximation is 
zero along the center lines of the cross section and on the faces 
increases uniformly from zero at the middle to a maximum at the 


edges. On the edges of a conventional volute spring the stress 
will be, as shown in the Appendix 
4P 
5 tR 


A volute spring with a blade section b = 6 in. and t = 5/j¢ in. 
will show at the small coil with R = 1.2 in., under a load P 
= 30,000 lb, a cone angle ¢ = 0.73 deg and a cone stress o, 
= 64,000 psi. 

Cold setting or bulldozing will change this picture by producing 
a variable helix angle and trapped cone stresses in the unloaded 
spring. The stress range will not be changed. 

It might be noted that the main stress is calculated on the 
assumption that ‘‘an infinitesimal coil element will have the same 


543 


h 
INS 
20 40 60 L ws 
= 


544 TRANSACTIONS OF THE A.8.M.E. 


action as a similar element of a straight helical spring,’ and the 
cone stress is introduced by considering the action of neighboring 
elements which are loaded by a different twisting torque. 


Enp REsTRAINTS—EccEntTRIC LOADING 


The theory of the main stress and of the main deflections is 
based on Saint Venant’s results for the twisting of a straight 
bar under uniform torque, rigidly restrained against torsion at 
the end, but free to distort its cross section. The resulting twist 
angles are then applied to a volute-shaped center line, assuming 
that the end or heel section is restrained against torsion, but free 
to change its helix angle and warp its cross section. 

The effect of nonuniform torque has been touched upon in the 
preceding section. The assumption that the end section is free to 
change its helix angle is probably nearly correct. Observation 
shows that the end section rocks about an axis through the heel 
point and a point about 180 deg from the heel. The assumption 
that the end section is rigidly restrained against torsion is only a 
rough approximation. The tail of the volute is far from rigid; 
as a result, the end section leans heavily inward and the active 
section at 180 deg from the heel bottoms long before the helix 
angle near the heel has become zero. This step-by-step bottom- 
ing has been pointed out before by Keysor. As a result, the larg- 
est active coil assumes a cone shape open toward the large end 
with its attendant cone stresses. 

Furthermore, the load becomes eccentric, shifting from the 
center toward the heel until the point across from the heel has 
been bottomed, then away toward the first bottomed point, back 
again to the second bottomed point, and so on. 

For a coil spring, where conditions are somewhat similar, the 
amount of eccentricity has been calculated by Keysor (2) and 
confirmed experimentally by Pletta and Maher (3). 

For a volute, the calculations become much more difficult. It 
is certain, however, that even with perfect alignment of the 
springs seats the load will become eccentric. The effect of an 
eccentric load can be replaced by that of a central load, combined 
with a moment applied to the end. An additional end moment 
may be introduced in certain volute-spring applications by mis- 
alignment of the spring seats, which can be very pronounced, 

The effect of an end moment will be: 


1 To increase the torque in sections on one side of the spring. 

2 To decrease the torque in sections on the opposed side. 

3 To introduce arch stresses. These are most pronounced in 
sections where the end moment produces zero twisting torque 
and maximum bending torque. 


Arcu STRESS 


The action of a bending moment on one of the coils of the 
volute, approximated by a split circular ring, is shown in Figs. 2 
and 3. Fig. 3 shows (much exaggerated) the deformations pro- 
duced by the moment. 

The stresses produced by the moment M will vary from section 
to section. Ifthe ring has a pitch radius RF and its cross section is 
a narrow rectangle of width b and thickness t, the stresses in sec- 
tions A-A and C-C will be torsion stresses rz = + fe which add 
to or subtract from the main torsion stress. 

In section B-B there will be a bending stress necessary to fur- 
nish internal reactions to the externally applied moment; this is 


6M 
tie 
bt 


on the upper and the lower face. 
In addition to this direct bending stress there is a stress pro- 
duced by the change of curvature of the originally circular ring. 
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On the upper face, the curvature is flattened out, on the lower face 
it is increased. These stresses were first observed by M. Olley in 
1936, on the bent parts of torsion rods, and called “arch stresses” 
by him. By a calculation derived in the Appendix the arch 
stress on the edges of a steel blade of narrow rectangular section, 
coiled as shown, is found to be 


2M 
Re 


= 


In the split ring, shown in Fig. 3, there is tension on the inner 


Fic. Moments APPLIED TO Fic. Distortion or 
A RinG SHOWN IN Fila, 2 
(Greatly exaggerated.) 


upper and outer lower edge, compression on the outer upper and 
inner lower edge. 

Values of t = °/j¢in., b = 6 in., which correspond to a typical 
blade, give the following stresses produced by the moment M 


Tg = 5.13M og = 0.534M o4 = 20.6M/R 


A load of 30,000 Ib, applied '/, in. off center, will produce in the 
small coil at radius R = 1.2 in., an arch stress 


= 130,000 psi 


It follows that the small coils of a volute spring are subject to 
very high stresses when the load becomes eccentric, or a bending 
moment is applied to the spring. 

In a volute, the same value ¢4 would have been found as cone 
stress from the variation of twisting torque at section B-B. 
However, the same type of stress, with an additional term for 
bending variation, appears also in round sections where no coning 
is visible, whenever the applied moment produces a twisting 
torque which varies from section to section. It may lead to frac- 
tures in such applications as hooks on the ends of extension 
springs or in bent ends of torsion rods, where it was first observed. 


COMBINATION OF MAIN STRESS AND SECONDARY STRESSES 


Cone and arch stresses are maximum at the edges of the blade 
and decrease to zero at the middle of the sides. Torsion stresses 
are maximum at the middle of the sides and decrease to zero at 
the edges, according to a law which is given in infinite-series form 
by Timoshenko (4). 

Fig. 4 shows some curves of torsional-stress distribution over the 
long sides of rectangles, plotted from the infinite-series law. For 
volute-spring blades with a ratio b + t = 20, this means that 85 
per cent of the edge stress combines with the full torsion stress. 
With b = 6in., failures would be likely to occur about !/; in. from 
the edge, which corresponds to observation. 
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FUCHS—NOTES ON SECONDARY STRESSES IN VOLUTE SPRINGS 


Fic. 4 Distripution oF Torsion Stress Over Lona Sipe oF 

RECTANGULAR SECTION OF WipTH b, THICKNEss ¢ 

(Curve A? b =¢t. Curve b = 5t. Curve b = 201.) 
Table 1 shows, for comparison, the various stresses produced by 

aload P, applied e inches from the center, on a volute coil of radius 

R and section 6 in. X 5/i¢in. The stresses are also expressed in 

percentage of the main torsion stress for R = 3in. and R = 1.2 in. 
The secondary stresses become more dangerous as the coil ra- 

dius decreases. 

TABLE 1 MAIN STRESS AND SECONDARY STRESSES PRO- 


DUCED BY A LOAD P, APPLIED e IN. FROM CENTER, ON A 
VOLUTE COIL OF RADIUS R AND SECTION 6 X 5/8 IN. 


at R = 3in., at R = 1.2in., 
per cent per cent 


Stress, 


Type of stress Symbol psi 


Arch stress 


Arch stress may add to or deduct from the cone stress, as the 
case may be. Direct shear adds to torsion on the inside of the 
coil; deducts on the outside. Eccentricity torsion will add on 
one side, deduct on the other. 

Maximum arch stress occurs at a point where the eccentricity 
torsion is zero and varies around the coil according to a sine law. 
Eccentricity torsion varies according to a cosine law; the com- 


545 


bination of the two will be most dangerous at some intermediate 
point between their respective maxima. 


EvIDENCE OF DISTORTIONS 


Figs. 5 to 8, inclusive, show the changes in helix angles, the 
rocking about the heel, the coning, and the bending by eccen- 
tricity. The wires attached to the springs were used to measure 
cone and helix angles. 

Figs. 5(a) to (c) show three views of the same side of a spring. 
Fig. 5(a) is the spring under a small preload. In Figs. 5(b) and 
(c), normal load is applied and the point across from the heel is 
bottomed while the intermediate points are free and the tail 
lifted off. Fig. 5(6) shows how little is gained by grinding the 
seat square with the axis when the spring is free. Fig. 5(c) is the 
same condition as Fig. 5(b), seen from higher up. It indicates 
bending of the whole spring, concave toward the heel. Fig. 6 is 
the rear view of the same condition, showing how the tail is lifted 
at this intermediate point and giving further evidence of coning 
and bending. 

Figs. 7(a) to (c) show the heel side of another spring under no 
load, normal load, and twice normal load. Coning, rocking, and 
variable leaning can be observed. Fig. 8 shows a view with the 
heel at the left side of the illustration. Coning of the heel is 
very pronounced. In this spring, coning was so strong that the 
tail section marked 2 was able to make contact with the seat. 

A test which was rigged up to check the arch-stress theory is 
sketched in Fig. 9, and in Table 2 a comparison between stresses 
measured with a photocell strain gage and calculated stresses is 
given for this check test. The theory is definitely confirmed, 
except that both distortion angle and measured stresses are about 
8 per cent lower than calculated. This may be caused by the fact 
that the internal strain energy of the arch stresses themselves is 
neglected in the calculations. 

A further confirmation of these theories is furnished by failures 
in service and tests, which frequently occur somewhere near °/, in. 
from the edge, where the combination of torsion stress and edge 
stresses is most dangerous. 

Strain-gage measurements on complete volute springs showed 
edge stresses of up to 60,000 psi at the accessible outer edge, where 


Fie. 5 Views or A VoLutTEe SPRING 


(a, No load; 6, normal load; c, normal load. 


In all cases heel may be seen at left side.) 
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Fic. 6 Spring UnpER Norma Loap 
(Heel seen at right side.) 


Fic. 8 Vo tute Spring UNperR Norma Loap 
(Heel seen at left side.) 


(a) 


(b) 


(c) 


Fic. 7 Views or a VoLUTE SPRING 
a, No load; », normal load; c, double normal load. In all cases heel may be seen in front.) 


torsion stresses are zero; at the inaccessible inner edge higher 
stresses would be expected. Coning has also been observed and 
described by Reynal (5). 


Means TO STRESSES 


1 Secondary stresses are largest on the smallest coils. For 
this reason, it seems attractive to design springs with fewer coils 
and larger inside diameters. Contrary to what might be ex- 


pected, it is sometimes possible to produce a spring with equal 
work capacity, equal normal rate and equal maximum stress by 
using fewer coils and less steel, because the smaller volume of 
steel can then be used more efficiently. No definite rule can be 
given, but an investigation of current designs shows that it is not 
necessarily best to pack as much steel as possible into a given 
space. 

2 Load eccentricity can be reduced by supporting the heel 
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FUCHS—NOTES ON SECONDARY STRESSES IN VOLUTE SPRINGS 


Fic. 9 
(Dimensions of ring: 


Cueck Test FoR ARCH STRESSES 


63/4 in. OD; in. ID; width, 
applied, 1500 in-lb.) 


41/4 in.; torque 


TABLE 2 COMPARISON OF MEASUREMENTS AND CALCULA- 
TIONS FOR CHECK TEST FIG. 94 
Calculated - 
Point Measured w ith arch stress Without arch etress 
1 + 11000 +11950 + 1650 
2 — 5000 — 8150 + 1550 
3 —12000 —11950 — 1650 
4 + 7500 + 8150 — 1550 
5 + 6500 + 6400 + 860 
6 — 1000 0 0 
7 11500 12000 12000 
& + 4000 
Angle of 
slot, deg 1.75 1.9 1.9 


® Stress at point 7 is pure shear. 


section more firmly. This can be done by using the full blade 
thickness for the tail. The additional weight and space which are 
required can be reduced by using only °/is turns for the tail in- 
stead of */, turns; the last quarter of the tail contributes nothing 
to the support of the heel. Incidentally, this design would save 
hot-forging of the tapered tail and thereby decrease the cost and 
also the extent of surface deterioration by decarburization. A 
modified spring seat might be needed. 

3 By coning the coiling mandrel in toward the small coils, it 
is possible to wind a volute with a desirable variable helix angle, 
providing at the same time a small draft angle to facilitate re- 
moval of the spring from the mandrel. 

A mandrel with a constant cone angle will decrease the helix 
angle from the large toward the small coils by an equal amount 
foreach turn. The coil radius also decreases by an equal amount 
perturn. The bottoming stress in a volute spring is proportional 
to at/R where a is the helix angle, t blade thickness, F coi] radius. 

In Fig. 10, the product at is plotted over the coil radius R. 
The bottoming stress at any radius is proportional to the slope of 
a line drawn from the origin to the curve at that radius. 

Line A-A represents a conventional spring with uniform helix 
angle and thickness. The efficiency is very low because the large 
volume of steel in the outer coils must work at less than one half 
the maximum bottoming stress. The spring will fail at the small 
end. Line B-B represents a spring with small coils tapered in 
thickness (1). The maximum stress is reduced, the efficiency in- 
creased at the cost of a slight sacrifice in final rate and load. Line 
C-C represents a spring of uniform bottoming stress, obtained 
with constant blade thickness by a variable helix angle. This 
spring also sacrifices some of the rate build-up but would be very 
efficient if all strokes would deflect the spring an equal amount. 

In service, small deflections may occur more often than large 
deflections, and the spring C-C would therefore fail near the large 
end, though the stress range is higher at the smallend. Reducing 
the stress on the frequently bottomed large coils and increasing it 
on the seldom bottomed small coils will increase the service effi- 
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ciency above that of a spring with uniform bottoming stress and 
give a higher-rate build-up. Such a spring is indicated by line 
D-D. 
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Fic. 10 BorromtnG Stress DistrisuTION ALONG BLADE oF VOLUTE 
at 
SPRINGS = CONSTANT X =) 


(Bottoming stress at any point is proportional to the slope of a line drawn 

from the origin to the curve at that point. A-A conventional; B-B tapered 

in thickness on small coil; C-C uniformly stressed, variable helix; D-D 
compromise, variable helix.) 

When comparing efficiencies on the basis of Fig. 10, it must be 
kept in mind that the amount of steel which works between 3'/2 
and 4 in. coil radius is more than twice as great as the amount be- 
tween 1!/, and 2 in. radius. Raising the stress on the outer coil 
until failures occur equally often at all points of the spring in serv- 
ice will, therefore, increase the efficiency rapidly. The cone 
angle of the unloaded spring would have to be of the same order 
as the cone angle which the spring now assumes under load, i.e., 
approximately 1/, deg. 

The bottoming loads of the various coils increase in inverse 
proportion to the square of the coil radius in ordinary volute 
springs; in inverse proportion to the coil radius in uniformly 
stressed volute springs of constant blade section. The final bot- 
toming load is of no importance in itself, because any volute 
spring will safely carry loads much above the final bottoming load, 
and the flexibility just before bottoming the last coil is so low 
that brackets and levers may be more flexible than the spring 
itself. 

THEORETICAL BasE 


The secondary stresses were found by a method of successive 
approximations. The main deflections were calculated from the 
published theory (1) which was considered as a first approxima- 
tion. Rubber and paper strips were then used to find what 
secondary distortions would be induced by the main deflections; 
the distortion strains were calculated with simple assumptions 
based on symmetry, change of curvature, etc., and the stresses 
computed from the strains. This method is relatively rapid and 
believed to be approximately correct as long as the results check 
with strain measurements and location of failures, although it 
lacks a good theoretical foundation. 

A more thorough theoretical study of the general case of a 
curved bar under arbitrary load or nonuniform torsion and bend- 
ing would be of great value if the results can be expressed in 
practicable form. It might be mentioned that studies of a 
straight bar under a special nonuniform torsion have been pub- 
lished (6, 7, 8) and show stresses similar to arch stresses. 


Appendix 
Cone Angle and Variation of Helix Angle. Fig. 11 shows a 


blade element, developed; length of element dL; helix angle at 
one end a, at other end a + da. 
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Approximating: Cosine a, ~ 1, sine a,g ~ tangent a,¢g ~ a, ¢ 
aL. 
ivesa = — 
da 
Coiling the blade center line with a radius R will produce an 


element of cone surface. 


2R 
Angle included at the cone apex is “‘cone angle” ¢ = “| 


Fig. 11 DErvELoPED BLapE ELEMENT 


Cone Stress. A cylindrical-coil element of thickness t, width b, 
length dL, coil radius R is forced to become an element of a cone 
with cone angle ¢. 

At center line radius remains unchanged, for symmetry 


1 

At upper face radius becomes R — 4 be 
1 

At lower face radius becomes R + 4 be 


t/1 1 
ress at edge = x R+ 


R R+0.25be 4R? 
g tb 


Variation of Helix Angle (da/dL) Along Blade of Volute Spring 
With Uniform Blade Thickness. Fig. 12 shows a top view of a 


Fig. 12 Top View or VotutTe Com Near HEEL 


volute coil near the heel (w = 0). Radius R decreases from Ry 
at the rate of p units per turn, so that at section 6 
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Rp = > 8 


us 


Under a central load P, the twist angle d¢ in the element d8 is 


ap 
This will change the helix angle at w by 
da = —sin (w — 


The heel itself will change its helix angle by —apo and lean in- 
ward by Yo which will change the helix angle at w by 


—ay COS w — Yo SIN w 


Under load, the helix angle at w will, therefore, decrease by 


P 2 
tom f 
sin (w — 
2 
Aa = a cos w + Yo sin w + or [(w—2 
2 
+ Ro sin w — (ne cos 
and 
@ = load a do = 
da P p* P 
re E 0 sin w Jo 
Pp 
GT 


The first two terms describe a cyclic variation which can be com- 
pletely canceled out by tilting the spring seat in the direction of 
—a by the amount of the first square bracket and in the direction 
of —yo by the amount of the second square bracket. The last 
term describes how the helix angle of the tilted spring increases 
with increasing distance from the heel and is the only one which is 
of interest here. 


da dia _ PRp 
de 
da _ da dw 
dL dw ab 
(3] 
dL xGT 


Cone Stress in Volute Springs. Introducing Equation [3] in 
Equation [1] gives 
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Fie. 13° Rina, Wirth Enps Twistep AGAINST EacH OTHER BY 
Torque M 


Arch Stress. Fig. 13 shows a half ring the ends of which are 
twisted against each other by a torque M. At a section 8 this 
will produce a bending moment M, = M cos #and a twisting 
moment M,; = M sin 8 producing an increment of bend angle 


dé cos 


~ EI 
and an increment of twist angle 


M 


do = - sin Bdl 


G 
in an element of length dl. 

In section 8 a line which at no load was perpendicular to the 
z, y-plane will now lean by an angle y in the z, z-plane and by an 
angle 8 in the y, z-plane. The increments caused by the element 
dl at B will be , 


M M 
2 = eins 
dy cos?B + GT sin a) dl 


M 
dj = sin 8 cos fdl 


M M 


Gr 
K 


N + 
Y= 


—K 


v= R cos? 


The center line of a slab at height z above the center plane had, 


1 
before load application, a curvature — R and co-ordinates 


z= Rsin y = Roos 
After load application its co-ordinates will be 

z= Rsin p+ yz y = + vz 
and its new curvature at 6 = 0 will be 


dy dy ds 


dB dz 


where 
dy dp 
dz dz 
This works out to be at B = 0 
11+ (N—K)z 


so that the change in curvature of this slab becomes 


[1—(N + K)z] 


z 
+ &) 


and if the width of the slab is t, the arch stress becomes 


o,=-—(N+K)E 


For a volute-spring section, the maximum stress will occur at 
b 1 1 
the edge z = and 7 is negligible against so that with 


bt 
and 3 


For a circular wire of diameter d, a slab at z will have the width 
d cos e where sin e = 22/d. 
The direct bending stress will be 
Md . 
oz = sin 
The arch stress 


M d?*sin cos i 
I 4R 


I 1 
= : an r = , the sum of the two stresses becomes 


32M 


The location of the highest stressed point will be at the angle 
where the expression in brackets is a maximum and this depends 


d 
(si e+ 1.17 R sin € cos .) 


d 
upon the ratio R For this point, the expression in brackets 


varies from 1 ford/R = 0 to 1.2 ford/R = 0.6. 
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Discussion 


H. H. Crarx*? anp E. H. Linpeman.’ The existence of 
secondary stresses in volute springs becomes apparent to anyone 
who has carefully observed the distortions which accompany 
deflection. In describing the nature of the most important 
of the secondary stresses and in evaluating them with respect to 
the main torsion stresses, the author has made a highly significant 
contribution to the fund of knowledge concerning the volute 
spring. 

The author explains that the variable-pitch angle produced by 
cold-settling a volute spring is in consequence to coning, because 
the blade of the spring is inherently too stiff to permit edge- 
bending. This concept must be borne in mind to understand 
adequately the distortions resulting from deflection of the spring. 

The suggestion that a controlled variable helix angle be used to 
promote more uniform bottoming stresses is good and should be 
developed with respect to specific applications. Similar practice 
is in effect where small conical round-wire springs are concerned. 
These springs are generally produced on an automatic coiler, 
and the helix-angle variation is obtained by bending the wire 
about a radial axis, but the springs none the less are volute 
springs by definition. 

In practice, large volute springs coiled to a constant helix 
angle are cold-set and a degree of helix-angle variation is 
attained. By using properly shaped fixtures in this procedure 
it should be possible to control the amount of overstress applied 
to each coil and thereby obtain the maximum benefit from the 
cold-settling operation. In obtaining a variable helix angle by 
winding a volute spring on a conical arbor, allowances must 
be made for the further variations in helix angle which will be 
produced by the cold-setting operation. Another factor to be 
considered in the design of a conical arbor is the anticlastic 
curvature of the blade produced in the coiling operation. 

A spring with a variable helix angle will not permit the extreme 
build-up of load in the final stages as afforded by the conventional 
constant-helix-angle spring. This condition is recognized by 
the author, who very aptly also points out that the conventional 
spring is so stiff just before the last coil bottoms that the flexi- 
bility of other elements in the system may be more flexible than 
the spring itself. 

What the author states in regard to using fewer coils and 
larger inside diameters and to eliminating a portion of the tail 
seems entirely reasonable. The more uniform stress distribution 
obtained would tend to correct one of the inherent defects of 
most volute-spring designs, which require too little of the steel 
to do too much of the work. Current difficulties, where steel 
procurement is concerned, should prompt further investigation 
of these design considerations. 

For the successful application of volute springs, there are 
three fundamental aspects to be considered: 


1 The springs must be loaded with minimum eccentricity 
during all stages of deflection. 

2 The spring design itself must be an optimum. 

3 The metallurgical phases of the fabrication of the springs 
must be satisfactory. 


So far, the third item has received the lion’s share of attention. 
It is to be hoped that the author’s remarks lead to further con- 
sideration of the first and second items. 


H. C. Keysor.‘ In this paper the author has considered 
factors, hitherto neglected, or misinterpreted, which help to 
shed light on the apparently erratic stress distribution in volute 


3 Eaton Manufacturing Company, Detroit, Mich. 
4 American Steel Foundries, Chicago, IIl. 
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springs. Thus, we have applied Saint Venant’s theory of 
torsion to the case of a variable torque, while one of the basic 
assumptions of this theory is that each element of length of the 
rod is strained in the same way, which obviously limits the theory 
to a constant torque. 

The paragraph on end restraints is well stated and of timely 
interest. This subject has received scant attention from spring 
engineers, although it has a vitally important bearing on fatigue 
tests of springs. The combination of the spiral form of the 
center line with a bar cross section widely different from the 
circle creates end conditions worthy of careful analysis. The 
partial fixation of the heel points against radial or tangential 
movement is a condition which will affect the secondary stresses 
and must be considered in any analytical treatment. 

Referring to the subject of reducing load eccentricity, the 
stub tail proposed by the author would undoubtedly be helpful. 
However, there is another possibility; to determine the total 
angle between heel points (or the number of turns), and the 
ratio between coil radii at the heel points, which will be required 
to satisfy the condition of axial loading, subject to the various 
end restraints. 

The use of a slightly coned mandrel, as suggested by the 
author, would give a spring with the helix angle increasing with 
increase of radius, and the tendency would be toward the condi- 
tion of uniform solid stress. Carried to an extreme, the effect 
would be as shown in Fig. 14 of this discussion. 


Load 


Deflection 


Fia. 14 


In this figure, curve 1 is for a volute with a constant helix 
angle; curve 2 is for the coned spring referred to previously, 
or a spring which has been cold-set to obtain the same variation 
in helix angle. If the travel from free to solid remains the same, 
the spring of curve 2 will have the start of closure delayed be- 
cause the helix angle at the outer heel point has been increased. 
The capacity of curve 2 is considerably diminished; moreover, 
the closure range, over which the load rate is increasing, has been 
reduced to such a narrow space as to bespractically outside the 
useful range of movement. We have, therefore, arrived at & 
volute design which has virtually the same load-deflection 
characteristics as a helical spring. The spring of curve | is 
inefficient from a weight standpoint, as stated by the author, 
because the relatively large volume of steel in the outer coils 
is understressed as compared to the inner coil. Apparently, 
this is the price which must be paid for the characteristic of 
increasing load rate. 


Mavrice Ouey.’ Thanks to this paper we know that, in 
the cyclic operation of the spring, the stress ranges will be such 
as to concentrate initial fatigue failures toward the inside of the 


‘ British Ministry of Supply Mission, Detroit, Mich. Mem. 
A.S.M.E. 
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FUCHS—NOTES ON SECONDARY STRESSES IN VOLUTE SPRINGS 


coils and within an inch or so of the edge of the strip toward 
the small end of the spring. This appears to agree in general 
with the experience of fatigue testing. 

But with regard to the actual quantitative evaluation of 
maximum stresses, we see more clearly every year that we have 
not produced true figures even on relatively simple things like 
round-wire coil springs. We are still less likely to do so on a 
complicated structure like a volute spring. 

All such structures depend upon the cold-setting operation 
for satisfactory working life. It is remarkable that this opera- 
tion, though its importance is increasingly realized, still remains 
in its original crude form of setting the spring down solid a 
certain number of times. We do not know the actual residual 
stresses which occur after cold setting, or their distribution in 
the thickness of the material. 

Recent work on fatigue testing of volute springs shows the 
comparative ease with which, under short strokes, failures can 
be produced in the large coils, close to the heel of the spring. 
This would never be expected from the calculated shear stresses, 
but it would be expected from the fact that the large ends are not 
at present overstressed (or cold-set) as effectively as the small 
ends. 

The result of cold setting, as always, is that the metal of the 
spring works far more uniformly all over than would be expected 
from initial calculations. In other words, the spring is more 
efficient than we had expected. 

We know, from analogy with other types of springs, that we 
cannot get full benefit from the cold-setting operations until we 
improve the surface either by grinding off or by recarburizing the 
outer surface of the strip. We also have every reason to believe 
that the details of the cold-setting operation require close study 
and experiment to produce optimum results. 

Finally, perhaps it should be pointed out that life of the volute 


spring in the vehicle is dependent upon its mounting. Springs 
made out of flat strips are particularly sensitive to bending loads 


such as tend to bend the spring as a whole. Therefore the 
mounting in the vehicle should be contrived so as to compress 
the spring axially. 


AUTHOR’s CLOSURE 


On several of the points mentioned in the discussion, we now 
have some more information than was available in December, 
1942. 

1 Inefficient stress distribution is the price which must be 
paid for increasing load rate. This statement of Mr. Keysor can 
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be amplified by a schedule of prices. Taking the uniform bot- 
toming-stress condition (Fig. 14, curve 2) as one extreme and the 
uniform helix angle (Fig. 14, curve 1) as the other extreme, it will 
be found that in going from curve 2 toward curve 1, the price is 
at first very moderate but increases very steeply as curve 1 is 
approached. The most interesting and most widely used volute 
springs are intermediate between curve 1 and curve 2. A method 
for designing such springs has been worked out.® 

2 Eccentric loading: From measurements made available 
by Mr. Keysor it appears that to design a volute spring in which 
the elastic axis coincides with the geometric axis would be pos- 
sible, if at all, only if bottoming proceeds from both ends toward 
the middle. On all known volute springs, a load in the geometric 
axis will produce a tilt and lateral shift of the ends, and axial 
compression of the spring will produce an oblique eccentric load. 
The elastic axis does not coincide with the geometric axis and 
shifts as bottoming proceeds. 

3 Cold setting: Mr. Olley, a pioneer in this field, points out 
the importance of the subject and the dearth of information about 
it. Cold setting works in two ways: 


(a) It traps residual stresses. 
(b) It may strain-harden the material. 


Strain hardening can be investigated by the shape of the torque 
twist curve from torsion tests.7‘* The mathematical tools for 
calculating residual stresses are available and have been applied 
in the analysis of volute-spring test results.6.* The advantage 
of residual stresses results from the fact that a stress range of 
150,000 psi (from 0 to +150,000) may correspond to a life ex- 
pectancy of 60,000 cycles. The same stress range but (from 
—650,000 to +100,000) may correspond to a life expectancy of 
600,000 cycles. The difference seems to be much more pro- 
nounced in the region of finite life, where most machine elements 
operate, than im the region of the endurance limit, which usually 
is the only object of research. Research into the interrelation of 
stress range, maximum stress, and life in the finite-life region 
promises to be rewarded by great savings of materials, space, and 
weight. 

6*‘A Design Method for Volute Springs,’”” by H. O. Fuchs. Pre- 
sented at Canadian Section Meeting of the Society of Automotive 
Engineers, March 17, 1943. 

7 “Materials of Construction,’ by G. B. Upton, John Wiley & 
Sons, Inc., New York, N. Y., 1916, p. 53. 

8 “Plasticity,’’ by A. Nadai, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1913, p. 128. 


***The Testing of Volute Springs,’’ by B. Sterne; discussion by 
H. O. Fuchs. See page 523 of this issue. 
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This paper is a report on studies of heat transfer and 
pressure drops in steam-generating tubes at pressures 
from 500 to 3300 psi and under exposure to furnace heat in 
large steam-generating units. Most of the test surfaces 
were in the form of flat spirally coiled tubes, but for com- 
parison one straight tube 50 ft long was tested. Specific 
problems investigated include the influence of variations 
of the steam-water ratio and of variations in tube dimen- 
sions (scale factor) on tube-metal temperatures and on 
pressure drops. Some data relate to tubes operating under 
conditions approaching those often associated with 
operating failures. The test conditions were extended in 
several instances to include water below the saturation 
temperature. 

Some of the possible engineering analyses of the data 


1—OBJECTIVES, APPARATUS, INSTRUMENTATION, 
OPERATION, AND RECORDS 


WO general problems are usually in the mind of a purchaser 

of large steam-generating units, i.e., that of making an 

engineering determination of the relative merits of different 
boiler designs submitted for the intended service by manu- 
facturers in response to requests for proposals; and that of 
analyzing projects contemplating the use of higher steam pres- 
sures. In either case, emphasis is on those elements which deter- 
mine operating limits or points where troubles may develop, 
although in the second case the possibilities of lower-cost designs 
are also of importance. 

In the first narrowing of the problem when setting up the re- 
search program, the water-heating (economizer) and steam-heat- 
ing (superheater) sections of the steam-generating circuit were 
omitted from consideration, attention being directed to the 
evaporating surfaces. There were several reasons for this, chief 
of which was that acceptable engineering data were available on 
heat transfer and pressure drop for the first two types of surface 
and these would not change greatly with pressure; while pub- 
lished data on the’ performance of the evaporating surfaces were 
less reliable and confined almost wholly to pressures below about 
1500 psi. It is scarcely necessary to point out that as the pressure 
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Studies of Heat Transmission Through Boiler 
Tubing at Pressures From 500 to 3300 Pounds 


By W. F. DAVIDSON,’ P. H. HARDIE,? C.G. R. HUMPHREYS,’ A. A. MARKSON,‘ A. R. MUMFORD,’ anv T. RAVESE? 


have been made. Such an analysis of the relation of metal 
temperature to heat absorption and internal fluid condi- 
tions led to the proposal of a function ¢ which seems to 
offer some possibilities of development as a function cor- 
relating the factors influencing an abnormal rise in metal 
temperature. Similarly an analysis of the pressure drop 
has led to the proposal of a modification of the usual 
pressure-drop correlation to include the thermodynamic ef- 
fect of transverse-momentum changes during evaporation. 

Supplementary investigations reported upon include 
pressure drop of water at saturation temperature for the 
pressure range 250 to 2500 psi, through flow-distributing 
equipment designed for forced-circulation boilers, and 
heat-transfer coefficients for the specific auxiliary equip- 
ment used. 


approaches the critical, the physical properties of the vapor and 
the liquid converge; and that this is certain to have important 
effects both on heat transfer and circulation and to introduce 
disturbing uncertainties in extrapolating from experience with 
lower pressures. 

Several efforts were made to plan a laboratory scale study 
which would give the desired data on heat transfer and hydraulic 
constants, but none of these was successful because of an almost 
complete lack of data with which to establish the conditions 
under which the experiments should be conducted if they were 
to be of value in establishing the abnormal limiting conditions 
which lead to operating difficulties or which establish design 
limits, especially for units of the contemplated size. 

Boiler design is essentially an extension from past practice, 
from small to large, from low pressure to high pressure, from low 
temperature to high temperature (in this it is not greatly different 
from much other engineering design). Hence available data 
were largely based on averages for entire elements such as an 
entire waterwall. Further, there appeared to be no established 
basis for comparing data obtained with one size of tube with those 
for another size of tube, and to test all possible sizes of tubes 
would be impossible. The initial work then would have to be 
done in actual boiler furnaces working with test surfaces made 
from tubes at least approximating in size those used in large-sized 
boilers. If some limits could be established and the scale effect 
determined, then laboratory experiments could be set up to pro- 
vide the refinements of detail. 

Three major specific problems were selected for study, each 
for a range of pressures from 500 to 3300 psi and heat-transfer 
rates of from 30,000 to about 200,000 Btu per hr per sq ft of 
projected area. 

These problems were as follows: 


1 To determine the influence on the temperature of the tube 
metal of: 


(a) The steam-water ratio. 
(b) Liquid under conditions of rising temperature in the 
absence of evaporation. 
2 To determine the resistance to flow of: 
(a) Steam-water mixtures. 


? 
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(b) Liquid under conditions of rising temperature in the 
absence of evaporation. 

3 To determine the influence (scale factor) of variations in 
dimensions of the tube. 

In each of these problems, special attention was to be given to 
conditions approaching those under which tube-metal tempera- 
tures showed signs of abnormal increase or instability. 

Incidental problems which were examined because not much 
additional time or equipment was involved were: 

4 To determine the pressure drop through flow-distributing 
equipment designed for use in forced-circulation boilers. 

5 To determine the heat-transfer coefficients for the specific 
types of auxiliary heat-exchanging equipment used in these in- 
vestigations, 


APPARATUS 


General. The stated objectives of the investigation required 
the use of test elements of sufficient size so that extension of the 
results to production units would not entail too many uncer- 
tainties. In order more nearly to approximate the conditions of 
ultimate application, available full-sized boiler furnaces were used. 

Initially, a recirculating system made up of evaporating sur- 
face, a steam and water drum, and a circulating pump was con- 
sidered but the difficulties of securing a suitable circulating pump 
for the high pressures and of accounting for gland leakage finally 
led to the adoption of a once-through arrangement. Such an 
arrangement necessitated apparatus to preheat the water to the 
saturation temperature for any test pressure and later to cool it 
before dissipating the pressure. Consequently the auxiliary 
equipment constituted the major physical bulk of the installa- 
tion. 

The equipment, for convenience in discussion, may be divided 
into pumps, preheaters, test surfaces, calorimeter (to determine 
the heat absorbed by the test surfaces), coolers, and equipment 
for the control and release of the pressure. The instrumentation 
included provision for determining quantity of fluid flowing, fluid 
pressures, fluid pressure drops, fluid temperatures, and metal 
temperatures in addition to several other items needed for control. 

Test Surfaces: First Series. The test surfaces used in the first 
series of tests were flat pancake coils of tubing installed on the 
rear wall of an oil-fired boiler in the Sherman Creek Station. 
The boiler, of the straight-tube type, had a rectangular refractory- 
walled furnace with three oil burners in the front wall opposite 
the test coil. The furnace size, approximately 12 ft 5 in. wide X 
15 ft 1 in. long (in the direction of flame travel) was great enough, 
together with the location of the first-pass opening, to prevent 
direct impingement of the flame on the test surface. A longi- 
tudinal section through the boiler and furnace is shown in Fig. 1. 
The position of the test surface in relation to the oil burners and 
the first-pass opening is clearly indicated. 

The choice of the flat spiral or pancake form for the tubes under 
test in the first series was not made without realization of the 
probable effect of the form on the segregation of steam and water 
and on the pressure drop, but the pancake form offered certain 
important advantages which have been well established as a result 
of experience. (A straight tube was used for comparison in the 
second series of tests.) Most important of these advantages was 
that only by the use of a coil could the test surface be arranged 
within a sufficiently small area of the furnace wall to insure rea- 
sonably uniform heating. Among other advantages were greater 
ease of interchanging test surfaces and fewer or smaller correc- 
tions to pressure-drop measurements. 

Five of the six coils were selected so as to form two series, one 
of uniform bore and wall thickness but varying length, and the 


* The maximum heat release from these three burners during test 
conditions was roughly 73 X 10¢ Btu per hr. 
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Test Com O1n-Firep BorLeR AT SHERMAN CREEK 


STATION 


Fie. 2. Test SHow1nG THERMOCOUPLE PosITIONS 


other of uniform length but varying bore, and with a wall thick- 
ness proportional to the bore. The tubing was Shelby seamless 
(0.25 carbon) with a wall thickness in each case meeting Boiler 
Code requirements for 3000 psi working pressure. In order to 
escape from the fixed proportion of wall thickness to bore es- 
tablished by a given working-pressure design, and in order to 
make possible a later direct comparison between a pancake coil 
and a straight tube (installed vertically), a sixth coil 50 ft long 
was made of tubing designed for a working pressure of 2000 psi. 
Similar tubing was used for the straight-tube tests to be de- 
scribed. 

All coils, with the exception of the 50-ft coil, were normalized 
after fabrication and the inner surfaces were cleaned and bonder- 
ized. Examination of samples after testing showed that there 
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was only an insignificant amount of flattening caused by coiling. 

In Fig. 2 is shown one of the coils ready for installation in the 
furnace, while Figs. 3 and 4, respectively, show the smallest and 
largest coils of the series. Fig. 5 and Table 1 list the essential 
dimensions of all test surfaces. 

To insure ready interchangeability of the coils each was pro- 
vided with tails and end fittings which were the male ends of 
packed joints on the permanent piping. A tapped connection 
for a Parker compression fitting was provided in a suitable welded 
boss on each tube for use in pressure and pressure-drop measure- 
ments. A guide collar on each tube tail was arranged to fit into 
thimbles installed in the boiler wall to hold the coil in proper posi- 
tion for connection to the permanent piping. The liberal use of 
jigs gave uniformity of dimensions with the result that no 
serious field-assembly problems were encountered. 

Fig. 6 shows one of the tails of one of the coils of a test surface. 
At the right, the tubing was bent to enter the wall thimble in 
which it was centered by the supporting collar. Just outside the 
furnace wall was the coil anchor and the differential-pressure 
connection with its compression fitting. From this typical draw- 
ing, it is possible to estimate the amount of tubing over and above 


HEAT TRANSMISSION THROUGH BOILER TUBING 


TABLE 1 PRINCIPAL DIMENSIONS OF TEST SURFACES 
Coil number............ 1 2 3 4 5 6 Straight 
Inside diam, in.......... 0.5 0.5 0.5 1.0 1.75 O. 0.92 
Outside diam, in........ 0.75 0.75 0.75 1.5 2.75 1.25 1.25 
Internal cross section, sq 

1.36 1.36 1.36 5.46 16.7 4.61 4.61 
Length (A to E2 on coils), 

en 10.2 20.3 30.1 30.1 30.7 53.3 52 
Length inner convolution, 

3.0 2.6 2.6 6.7 3.7 
Length fully shielded (B to 

C on coils), ft......... 1.1 11.0 19.8 14.7 13.8 38.5 52 
Length outer convolution 

3.6 4.2 5.0 7.8 10.2 8.8 
Length straight section 

(D to E on coils), ft... 2.5 2.6 2.8 2.6 0 2.3 
Number of turns........ 2.3 5.3 7.3 43 3.5 8.3 
Projected external area, 

ee 0.63 1.27 1.89 3.76 7.03 5.55 5.42 
Number of surface-tem- 

perature - measuring 

17 26 11 14 26 23 
Length between pressure 

15.4 25.6 35.2 35.6 36.2 58.4 
Inner diam of coils, in... 11.2 8.5 8.2 19.5 26.5 14 
Outer diam of coils, in... 14.3 16.5 19.6 31.5 43.3 33.5 


@ Refer to Fig. 5. 
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Fie. 5 Drtacram or Corn 
(To be used in conjunction with Table 1.) 


that directly heated which was included in the pressure-drop 
figures. Further along was the fitting used to connect the test 
surface to the permanent piping. This packed pressure joint was 
completely successful from an operating and construction stand- 
point. 

The coils, except the smallest, were moved into and out of the 
furnace through a T-shaped opening in the rear wall. 

To give an approximate check on furnace conditions, a small 
control coil made from */,-in-OD and 5/;-in-ID tubing 20 ft long 
was installed permanently on the rear furnace wall slightly above 
and to one side of the test coil. This coil and a test coil are shown 
in position in Fig. 7. 

Test Surfaces; Second Series. In order to test the performance 
of a straight tube 50 ft long, a twin-set boiler (at Kips Bay Sta- 
tion) of more than 50 ft furnace height, fired by pulverized coal, 
was selected for the installation. The tube used for the evaporat- 
ing runs was installed with a water-heating tube on either side, 
acting in the manner of a guard tube. Except for a slight offset to 
compensate for the change of spacing of the end-wall water tubes 
above and below a junction header the tubes were straight and 
vertical. The water-heating tubes were looped together at the 
top to provide sufficient continuous water-heating surface. All 
tubes were made from the same tube stock as was used for coil No. 
6. 

The necessity of providing about twice as much water-heating 
surface as evaporating surface, even when all surface was exposed 
to furnace conditions, led to the plan of placing a water-heating 
tube on either side of the evaporating tube. This arrangement 
had a further advantage of providing a side shield for the middle 
tube, making the exposure to the furnace generally similar to that 
existing in the coil. 


555 


| 
| | 
; | 
REDUCING NIPPLE 
| 
\ 
vai 
a 
AB) 
‘ 
vie 
cation OF SUPPORT SOCKS 
PRESSURE TAPS BIA 
FROM 2500 
aoe To 1500 KIT 10 
\ 
(2) = 
a32"| 
| 
| 
ate | i| 
IN 
4 


FOLLOWER RING 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1943 


LUG RING WELO 


Y 


INCH. LEFT NO 731 PER INCH. RIGHT HAND 
5/6" SQ} PACKING GRAPHITED 


DIFFERENTIAL — 
PRESS. GAUGE CONN 


Auxiliary Apparatus. Fig. 8 shows a flow diagram of the 
equipment used for the tests of the coils. Water from the station- 

feed system was supplied at station-feed pressure to the suction 

of the triplex pumps. From the pumps the water flowed through 

a high-pressure heat exchanger, in which it was heated by the 

water discharged from the calorimeter. The water was then 

raised to within a few degrees of saturation temperature in a con- 

vection heater which was supplied with heat by withdrawing hot 

gas from the furnace. This water was then fed through the tube 

comprising the test surface. From the test surface, the water 
flowed through a calorimeter which withdrew sufficient heat to 
cool it to a temperature below saturation (approximately that at 

which it entered the test surface) and, therefore, afforded a meas- 
ure of the heat picked up in the furnace. From the calorimeter, 
the water flowed through the high-pressure heat exchanger to a 

subcooler. In the subcooler, the temperature was lowered to 
below 150 F to prevent flashing in the throttling valves when 

water pressure was reduced to atmospheric pressure in the hand- 
operated throttling valves and discharged either to waste or to a 
weigh tank. 

The auxiliary equipment had to be capable of adding 3,500,000 
Btu per hr to the liquid under conditions of maximum flow and 
test pressure and of disposing of the same amount plus the 
1,000,000 Btu per hr absorbed by the test surface. The heat ex- 
changer supplied 500,000 Btu per hr of the added heat, and the 
convection heater 3,000,000 Btu per hr. Under the same condi- 
tions of flow and pressure 1,000,000 Btu were transferred in the 
calorimeter and 3,000,000 Btu per hr in the subcooler. With 
low pressures and minimum flow, about 300,000 Btu per hr were 
added to the liquid (3000 in the heat exchanger and 297,000 in 
the convection heater), and 10,000 were absorbed by the test 
surface and transferred in the calorimeter. 

Fig. 9 shows the flow diagram for testing the straight tube at 
the Kips Bay Station. Fig. 10 shows the lower extremities of the 
water-heating and test tubes installed in the furnace of the boiler 
at Kips Bay Station. Water from the station feed system was 
pumped by the triplex pump to the water-heating tube which was 
installed as a vertical loop in the furnace and of which each leg 
was adjacent to the steaming tube. The hot water, in some 
cases steaming, that was discharged from the water-heating loop 
passed through the heat exchanger, in which it was cooled to a few 
degrees below its saturation temperature, and in which of course 
any steam formed was condensed. This slightly subcooled water 
then passed through the steaming tube to the calorimeter in 
which the heat picked up in the steaming tube was measured. 
The water then passed through the subcooler to the throttling 
valves and the receiver as during the tests of the coils. Tempera- 
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ture control of the discharge from the water-heating surface was 
accomplished using the proper combination of cooling sections 
on the heat exchanger. This operation was manual and was 
guided by a Leeds and Northrup Micromax thermocouple re- 
corder showing the water temperature leaving the heat exchanger 
and entering the steaming tube. The calorimeter installed at 
the outlet of the steaming tube was used to measure the furnace 
steam tube heat absorption. The differential pressure manomet¢ 

was connected across the water-heating tube for measurement of 
the pressure drop of the fluid flowing in the tube. 

Pumps. The pumps, of which there were two, were Aldrich- 
Groff controllable-capacity pumps and are shown in Fig. 11 
Each was driven by a three-phase induction motor and had a ¢a- 
pacity of 5000 lb per hr against a discharge pressure of 4000 ps! 
with a feedwater temperature of 210 F. These pumps proved to 
be unusually well adapted to the work because the adjustable- 
stroke feature with special hand control provided a delivery con- 
trollable independently of the discharge pressure, and after cali- 
bration the stroke setting could have been used to determine flow 
with an error not over 0.5 per cent. Further the relatively high 
speed (crankshaft speed 300 rpm) and triplex arrangement re- 
duced pulsation to a point where most was absorbed by the 
auxiliary equipment, and it was not necessary to use special 
metallic-hose pulsation absorbers as originally planned. 

Since the program contemplated the investigation of the sep 
rate effects of flow and pressure on heat transfer in the test sur 
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faces, certain features of the apparatus which facilitated this will 
be discussed. The pumps operated with constant speed and with 
constant volumetric efficiency for a given pump stroke and dis- 
charge pressure so that once the stroke had been set to give the 
desired flow, the flow remained constant. The pressure in the 
system was controlled by the adjustment of the needle valves on 
the discharge from the system. Because the flow was fixed by 
any given stroke setting of the pumps, the valve setting in- 
fluenced only the pressure. Such independence of pressure and 
flow adjustments could not have been readily obtained with a 
centrifugal pump. 

Preheaters. To preheat the water for the coil experiments, two 
heaters were installed, one a liquid-to-liquid exchanger which re- 
covered heat from the water leaving the calorimeter, and the other 
& gas-to-liquid convection heater receiving the heat from hot 
gases withdrawn from the furnace. 

In the low-level exchanger, both surfaces were designed for a 
working pressure of 3000 psi and were arranged as a tube within a 
tube in four sections. The two tubes of each section were bent 
as one while one was inside the other, thus making possible ex- 
treme simplification of the construction. The four elements were 
mounted on a structural-steel rack with the units arranged in a 
vertical plane. The outer tubes, through which the water passed 
on its return circuit, were connected by piping and valves in such 
a manner that any number of sections could be used. By select- 
ing the proper number of sections in this exchanger, the load on 
the convection heater could be adjusted so that its control equip- 
ment functioned at a satisfactory point on its range. Of course, 


any decrease in the work done by the exchanger had to be ab- 
sorbed, in the downstream direction, by the subcooler. The in- 
sulated high-pressure heat exchanger is shown in Fig. 12, which 
also shows the weigh scale used for determining rates of flow. 
Dimension and areas of the unit are given in part 5 of this paper. 

The water passed from the inner coil of the high-pressure heat 
exchanger to the convection heater which is shown at the right in 
Fig. 11. By means of hot furnace gases induced to flow through 
this heater by a fan the water was brought to the saturation tem- 
perature corresponding to the pressure in use. The furnace gases 
were confined by a cylindrical metallic baffle so that they flowed 
up through the center coils to the top and thence downward over 
the outer coils to the fan connection. The convection heater was 
designed for the absorption of 3,000,000 Btu per hr, or sufficient 
to heat the water to 695 F (the saturation temperature corre- 
sponding to 3000 psi) at a flow of 10,000 lb per hr when fed with 
furnace gases from the oil-fired test boiler. 

A firebrick damper suspended in the duct from the furnace is 
to the right of the convection heater in Fig. 11. At the bottom 
of the insulated cylinder of coils is a hand-controlled damper con- 
trolling the temperature of the incoming furnace gases by temper- 
ing them and aiding in keeping the automatic-control damper in its 
best range. There is another hand-controlled damper in the inlet 
box to the fan to keep the gas temperature entering the fan within 
safe limits. In the discharge duct, there is a damper controlled by 
a Leeds and Northrup Micromax temperature controller, actuated 
by a thermocouple on the water-discharge line from the heater. 
After the hand-controlled dampers had been suitably adjusted, 
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the controller maintained the water temperature constant within 
a range of less than 2 F. 

Calorimeter. From the test surface, the mixture of steam and 
water passed to the calorimeter which was designed to determine 
the heat absorbed by the test surface and the quality of the 
mixture discharged from the surface. The calorimeter, for the 
coil tests, consisted of a single straight tube covered by a series 
of five water jackets of different lengths, as shown in Fig. 13. 
The water outlet from each jacket was manifolded with that 
from the other jackets in such a manner that any combination of 
available cooling areas could be assembled to suit the several 
test surface areas and range of furnace conditions. Detailed 
dimensions of the calorimeter are given in part 5. 

Coolers, From the calorimeter, the water passed through the 
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outside tube of the high-pressure heat exchanger to the subcooler, 
shown in Fig. 14. The subcooler consists of a shell surrounding & 
coil. The cooling water passed around the coil while the high- 
pressure discharge from the exchanger passed through the tube. 
The jacket water-cooled the discharge water to a temperature of 
about 150 F to permit throttling to atmospheric pressure without 
flashing. 

Piping. The connecting piping was 15/s-in-OD and 1-in-ID 
seamless-steel tubing, and was shop-normalized after forming. 
All field welds were sleeve welds. Insulation was by Fiberglas 
and Carey high-temperature pipe covering. All valves were of 
the screwed type 5000 psi standard. 

It may be of interest to note that the few screwed joints, over 
which some concern had been felt initially, gave no trouble, proba 
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bly because all field threads were lathe-cut or made with new 
tools and set up with Copalite. 

Instrumentation. All temperature measurements for test 
purposes were made with thermocouples, although numerous 
Weston dial-type thermometers were installed and found to be 
very helpful in making preliminary adjustments and during 
periods between tests. Thermocouples were made from glass- 
fiber insulated wire with welded junctions. No. 24 Awg iron 
constantan was used for liquid and steam temperatures and No. 
22 Awg chromel-alumel for metal temperatures. 

For liquid-temperature measurements, from two to four ther- 
mocouples were installed in a well arranged for insertion into the 
liquid stream through packed stuffing-box fittings, as shown in 
Fig. 15. Fiberglas sleeving was used to give added electrical in- 
sulation where needed. In the case of the thermocouple actuating 
the damper control on the convection heater, it was found satis- 

— factory to peen this into the piping at a point well protected by 
insulation. 


Hion-Pressure Heat EXCHANGER AT SHERMAN CREEK The temperature of the metal at the outside surface of the tubes 
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nearest the source of heat was an important source of information 
in this phase of the investigation. For this reason and because 
we believe the method of installation is novel, it will be described 
rather fully. 

The coils made from tubing less than 23/, in. OD were suffi- 
ciently flexible so that adjacent convolutions could be sprung far 
enough apart to permit working on the surfaces normally sepa- 
rated by about !/;,in. A lip of metal was carved on the furnace 
side of the coil by a round-nosed chisel, and two grooves were cut 
leading from the lip toward the wall side of the coil. A sketch 
of the grooves and couple is shown in Fig. 16. The grooves were 


23°0.D. Coil. 
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made large enough to accommodate the thermocouple wire. The 
junction was inserted in the drilled hole and the lip peened over 
to the normal contour of the tube. The peening held the couple 
firmly with the weld about '/32: in. below the outer surface. To 
protect the couple wires a cover plate, about 1 in. square and 
previously formed to fit the tube surface, was placed over the 
grooves and tack-welded in place, with one edge over the peened 
lip. The cover plates were '!/32 in. thick for the !/:-in-OD tubes, 
but this thickness proved too small for the heavier-walled tubes 
of larger diameter because of welding difficulties and 1/;.-in-thick 
plates were used on the larger sizes. 

From 11 to 26 thermocouples were placed on each coil (exact 
number shown in Table 1) at predetermined positions so that the 
entire length of the coiled tube was served. The thermocouples 
were located on the vertical and horizontal diameters of the coil 
in most cases, but in a few cases diagonal diameters were also used 
for some of the measuring points. On the straight section of 
tubing leading from the coil to the exit tailpiece duplicate couples 
were installed, because at this exposed location the couple life 
was somewhat uncertain. The couple wires from cover plates 
to terminal box were protected by Fiberglas sleeving and were 
carried out of the furnace along the inlet or outlet tails of the coil. 

On the coils of the more rigid tubing, a No. 50 (0.07 in.) hole 
was drilled tangentially through the metal of the wall to permit 
the thermocouple wire to pass from the furnace side to the wall 
side without the necessity of springing the convolutions apart to 
cut grooves. 

After the original five coils had been tested and before the test 
on the sixth coil, the possible improvements on the method of 
installing these thermocouples were discussed as thoroughly as 
possible. The 50-ft tube was designed for 2000 psi, and therefore 
the wall thickness was less in proportion to the projected area. 
It was agreed that the peening operation might have the effect 
of relocating the junction by damaging insulation without con- 
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cluding that the effect of such relocation would alter the findings 
fundamentally. However, to eliminate the question in further 
work, a jig was devised and applied satisfactorily. 

The jig guided the drill by means of a case-hardened bushing 
but was not used for drilling to full depth. In order to judge 
the depth properly, the jig was removed and the drilling con- 
tinued until the surface of the tube was disturbed over the point 
of the drill. The wires were protected as before but the cover 
plate was moved away from the junction and set so that it would 
cover the open drill hole and grooves. 

In the test of the 50-ft straight tube, the couples were inserted 
in the same manner as in the 50-ft coil. The wires, however, were 
brought to the back of the tube on alternate sides to reduce the 
number of failures which might be caused if one or the other side 
were exposed. In the straight-tube setup, the evaporating tube 
was guarded on each side by a water-heating tube, on the riser of 
which couples were placed but located on the back to show tem- 
perature trends only; hence they required no special protection. 

The thermocouple potentials were measured with a Leeds and 
Northrup No. 8662 double-range portable precision potentiome- 
ter giving a sensitivity of 0.01 mv or better. Direct tempera- 
ture measurements on the liquid were made using an ice-junction 
reference, while differential temperature measurements were 
made between selected thermocouples. Temperature measure- 
ments on the metal were made using a cold-junction correction 
determined by reference to an ice junction. Rotary selector 
switches provided a ready means for selecting the desired thermo- 
couple or combination. 

Sample thermocouples were made from each lot of wire and 
were calibrated against a platinum-resistance thermometer and 
Mueller bridge. In no case within the range used was the de- 
parture from the Leeds and Northrup standard curve greater 
than 1 deg F. 

The use of the differential temperature measurement proved 
particularly useful in determining the degree of subcooling and the 
temperature rise of cooling water in the calorimeter. In the 
first case it established the departure from saturation temperature 
by direct measurement, and in the second case it resulted in com- 
pensation for any change in inlet-water temperature. In other 
cases the saving in computation, if not in actual measurements, 
was of value. 

Flow rates in the test circuit were determined as previously 
mentioned from the weighed water. Flows of circulating water 
through the calorimeter were measured by rotameters. Two 
instruments with an extra float provided three ranges. Fig. 17 
shows two of the rotameters one of which was used to check the 
flow through the pilot coil. All were checked by weighed water 
measurements. 

For the indication of pressures two Crosby 12-in. gages 04000 
psi and one Baldwin-Southwark 12-in. pressure gage 04000 psi 
were used. The latter was marked in 10-psi divisions and had 
an accuracy of +10 psi from 800 to 1000 psi and an accuracy of 

+1 per cent from 1000 to 4000 psi. Two of these gages are shown 
in the upper right of Fig. 18. 

In this figure also are shown the Foxboro indicating differen- 
tial pressure gages with autosyn transmitters used to measure the 
pressure drop through the test coils. The manometer chambers of 
these instruments were designed for 5000 psi. The differential 
gages and an extra chamber gave ranges of 20, 100, and 500 1n. 
of water, and suitable valves permitted the selection of the 
appropriate range. 

The pressure drops were taken across two taps on the straight 
tail sections of the coils, and the measurements therefore include 
the straight portions of the tube. The tapped holes were carefully 
reamed free of burrs. On the inlet side, the pressure tap W9 
placed as far as possible from the transition piece. For the '/r!®- 
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Fig. 17) Rorameter INSTALLATION ON TEsT EQUIPMENT 


ID coils, the transition piece constituted a smooth enlargement 
and the downstream distance of the tap was about 10 pipe diam. 

The effect of pump pulsation on the pressure measurement was 
gratifyingly small, as judged by the agreement between the in- 
dicating-gage pressure and the thermocouple indication of 
saturation temperature which was as close as the limits of obser- 
vational error permitted. There was no observable pulsation on 
the differential pressure gage. 

Operation. Because boiler operation had to be independent 
of the testing program, provision was made to circulate water 
from the station feedwater system through the high-pressure test 
equipment at station feed pressure during periods between tests. 

The process of raising the pressure during tests involved simply 
closing the throttling valves to the proper point after the pumps 
had been adjusted to the desired flow. One of the throttling 
valves was used as a coarse control and the second for fine control. 
The pressure in the system was first raised to 1000 psi; then the 
furnace-gas convection heater was brought into operation by 
opening the slide damper to the furnace and by setting the tem- 
pering damper. As the temperature of the discharged water 
from the convection heater rose the system pressure was in- 
creased and was always kept above that corresponding to the 
saturation pressure of the convection-heater discharge until the 
conditions desired for the test were attained. 

The compact arrangement of the test equipment made possible 
easy and constant communication between the observers at the 
temperature- and pressure-control stations. The temperature 
of the water entering the test coil was normally kept from 3 to 7 
deg F below that corresponding to saturation at the test pressure. 

The proper amounts of calorimeter cooling surface and cooling- 
water flow were set up in accordance with the degree of sub- 
cooling desired and the limiting temperature of the cooling-water 
discharge which was at atmospheric pressure. An indicating 
rotameter metering the cooling-water flow made it possible to 
hold this quantity constant during any test by the operation of a 
hand-control valve. 


The test surface temperatures were observed and when the 
temperatures and the differential pressures indicated that stable 
conditions had been attained, observations were started and 
continued until at least two sets of observations had been re- 
corded for each run. The data were quickly calculated in a 
preliminary manner by one observer, in order to permit early 
decision as to the necessity for any additional check runs and to 
determine the next step in flow rate, heat-absorption rate, or 
both. 

Each run was completed in from 20 to 30 min. Tests were 
planned for the use of one pressure during each testing day, when- 
ever possible. Those runs called “liquid heating,” during which 
the water temperatures leaving the test surface were below satu- 
ration, were usually made preceding those conducted at satura- 
tion temperature. 

At the close of the testing period each day the heat supply to 
the convection heater was closed off. Usually after about 20 
min, the temperature had fallen sufficiently to permit transfer 
to the station feed system and the pumps could be shut down. 
As long as there was heat in the furnace water was kept flowing 
through the system but the cooling-water supply to the subevoler 
was sufficient to care for the heat pickup and the calorimeter 
cooling water could be shut down. 

In the event of bursting a coil, the convection heater was cooled 
off while flow was maintained until the metal temperatures 
dropped below the danger point. 

The starting-up procedure for the high pressure at Kips Bay 
was similar to the Sherman Creek installation. The pressure on 
the high-pressure system was gradually increased to the desired 
value starting at 1000 psi as the first increment. The water- 
temperature-control calorimeter was cut in with the proper cool- 
ing section and water flow in order to maintain the water tempera- 
ture entering the steaming tube constant. Some regulation of the 
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water flow through the calorimeter was necessary during the run 
because of the variation in water temperature entering the 
calorimeter and slight variations in furnace heat absorption. 
Cooling water to the second calorimeter, measuring furnace heat 
absorption was adjusted so that it would subcool the water suf- 
ficiently to be sure that the fluid leaving the calorimeter was 
entirely liquid and measured by the rotameter. The heat ab- 
sorption at Kips Bay proved constant enough to allow the ad- 
mission of a mixture of estimated composition of steam and water 
to the evaporating tube. This was done on a number of runs. 
Records. A summary of the test data for the seven tubes tested 
is given in Table 2. As will be noted, this table gives the absolute 
pressure p, the temperature of the fluid entering 7 and 7, leav- 
ing the test tube, the flow rate w, the mass flow G, the velocity 
of the fluid leaving the tube V, the over-all heat-absorption rate 
Q, the quality of the fluid leaving the tube X, i-e., ratio (weight 
of steam to weight of water and steam), the average temperature 
drop between the outside wall of the tube and the fluid (At) 
and the fluid pressure drop in its passage through the tube ( Ap). 
The data include about 99 per cent of the test runs. The runs 
for which data are omitted are those in which an unavoidable 
change in furnace conditions made the observations of doubtful 
value and a few cases in which there were obvious errors of re- 
corded data. Although the data are presented in the order of coil 
numbers arbitrarily assigned, the tests or runs were chrono- 
logically numbered. Therefore, the run with the largest identify- 
ing number was the last one made, no matter what its position 
in the table. The run numbers used to identify the separate runs 
each constituting a test are made up of one or two digits followed 
by one or two letters which, in turn, are followed, in some cases, 
by an additional digit. The first one or two digits constitute an 
identifying number which was changed only when the date 
changed or when the operating pressure was changed. Thus a 
series of tests in which the first one or two digits remain the same 
was made on the same date and at the same pressure. The first 
letter in the identifying number indicates that a change, in some 
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factor other than pressure such as flow or heat absorption, was 
made over the factors existing in the previous runs. The second 
letter (always H) is used to indicate those runs in which the 
temperature of the liquid entering the test coil was sufficiently 
lower than the saturation temperature corresponding to the 
pressure in use so that no evaporation took place and the runs 
could be only liquid heating. Where the letters are followed by 
an additional digit, the presence of these single digits (1 and 2) 
indicates two sets of readings taken with no intentional change in 
conditions. 

The physical dimensions of each tube are given for convenience 
in Fig. 5 and Table 1. The test data presented include the follow- 
ing ranges of operating conditions: 


(a) Heat-absorption rate, 20 to 220 M Btu per hr per sq ft of 
projected outside tube area 

(b) Fluid pressure, 290 to 3300 psi abs 

(c) Quality, 0-100 per cent steam leaving tube 

(d) Fluid velocity, 2 to 90 fps leaving tube. 


Fig. 19 shows graphically three typical sets of tube-surface 
temperature-elevation readings for steaming runs. The data for 
the liquid-heating runs showed similar characteristic variations 
from point to point on the tubes. Individual temperature dif- 
ferences were determined by assuming a constant fluid tempera- 


‘ture at the saturation point, for all evaporating runs in which the 
final quality was less than 1, and by assuming a uniform rise in 


temperature along the tube length for all nonevapofating runs. 
Curves similar to those shown in Fig. 19 were constructed for each 
run and the average At, shown in the tables, was determined from 
such curves. 
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A rigorous analysis of the heat transfer in terms of the general- 
ized resistance concept is made difficult by the self-imposed limi- 
tations of the investigation. The test surfaces were tubes, both 
straight and spiral-coiled, exposed to radiant heat on one side 
only. Therefore, the transverse heat-flux pattern was unsym- 
metrical with respect to the front and back of the tubes. How- 
ever, this is the usual condition for most of the radiant-heat-ab- 
sorbing surface in large steam generators. Engineering analyses 
of the experimental data may be made of which the following do 
not exhaust the possibilities of the data by any means. 

The test data themselves are given in Part 1, Table 2. Most 
of the headings represent direct observations or arithmetically 
derived quantities. However, the meaning of the term At, defined 
as the average temperature drop between the outside of the 
coil and the fluid, should be understood. 

Although considerable caré was used in placing the thermo- 
couple junctions uniformly close to the outside of the tube surface, 
there were small variations of location of essentially unknown 
value. In any case, the junction cannot be considered as giving 
more than an “average” outer tube temperature. The effect of 
junction location presumably is proportionately more uncertain 
on the thin-walled tubes. 

Another uncertainty arises from the fact that, as in Fig. 19, 
the variations in At for a single test are sometimes more than 2 to 
1. Detailed analyses, too voluminous for pertinent inclusion, 
show that the average value of all tube temperatures taken con- 
volution by convolution remains constant along the tube 
length for each liquid-heating run and for each evaporating run 
where overheating (as defined later) did not take place. This 
leads to the conclusion that the average of all the values along the 
tube is the reliable value for use in engineering analyses. 

However, this is merely another way of stating the first impor 
tant conclusion of the experiments. One of the first observed 
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facts on the steaming runs was that the mean rise of temperature 
of the outer tube surface above that of the fluid did not change 
from inlet to outlet of the coils, even though the quality, or steam 
content, of the fluid increased continuously along the tube. For 
a constant mass flow G, pressure p, and heat-absorption rate Q, 
the tube temperature was virtually constant along the tube. 
Further, when mass flow was changed with constant pressure and 
heat absorption, the tube thermocouple temperatures likewise 
were virtually unchanged. Therefore the first conclusion offered 
states that within wide experimental limits the heat transfer to 
high-pressure boiling water is approximately independent of the 
quality of the fluid in the tube. Fig. 19 (coil No. 6) exemplifies 
the mass of data leading to this conclusion by the constancy of 
At along the length of the tube in which quality was increasing 
uniformly. 

Following this, the next conclusion advanced for discussion is 
that the interface (film) coefficients are so high that the problem 
of dealing with tube temperatures is one of metallic conduction 
in a thick tube under many conditions of operation at high 
pressure. The essential reasons for concluding this and some 
corollaries thereto follow. 

The experiments show that, as a first approximation for the 
majority of the tests on all coils and the straight tube, At when 
plotted against Q may be represented by a straight line passing 
through the origin. This is shown in Fig. 20(a) for the spiral coils. 
In fact At is approximately proportional to the tube diameter 
and, therefore, to the tube thickness, since tubes 2-5, inclusive, 
were designed according to the A.S.M.E. formulas for fixed 
pressure. This initial approximation states that for geometrically 
similar tubes the rise of metal temperature is directly propor- 
tional to the tube thickness at the same rate of heat absorption— 
a fact of considerable practical importance. It is based on the 
following experimental conditions and circumstances. 

The radiant-heat transfer to furnace tubes is essentially a two- 
resistance problem. The transfer of heat from the furnace to the 
tube obeys the fourth-power law of radiation. When the tube- 
surface temperature changes, the heat transferred by the furnace 
to the tube other things being the same is virtually unchanged. 
With a furnace temperature of 2500 F, the heat transferred to a 
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tube with a temperature below 1000 F is not greatly affected by 
the tube te perature. Under consideration then are the metal 
resistance : d the inner resistance at the tube and fluid interface 
which may be likened to film resistance. 

The exp riments show that the interface resistance is so low 
for most o' the experiments that, as an approximation, it may be 
neglected. This means that when tubes are run under conditions 
giving n_ligible interface resistance, the actual metal tempera- 
ture inv lves a study of conduction through tube walls for 
tubes of the particular shape involved whether covered by blocks, 
studs, or other surface extensions. This study is not in any wise a 
part of the present paper. 

Fig. 20(b) shows the plot of At versus Q for coil No. 6 and for 
the straight tube. The straight tube considered as a first approxi- 
mation has more metal resistance than the curved tube. It is 
still, however, principally a matter of metal conduction to be 
accounted for by the installation differences and other local fac- 
tors connected with the reception of radiant heat. 

Thus the useful conclusion is established that when a tube is 
operating ‘“‘normally” the expected approximate temperature of 
geometrically similar tubes may be established by experiments on 
the one tube for technical purposes. 

As a matter of everyday parlance, the term “overheating’”’ has 
a clear but loosely defined meaning. It is necessary to define it 
as it will be used in the paper. 

When the over-all coefficients show that the interface resistance 
is becoming a crucial element in the over-all resistance, the term 
“overheating” is applied in this paper to the condition. Thus an 
“overheated” tube in the sense the term is here used will not 
necessarily fail immediately. 

Several attempts were made to calculate the interface coeffi- 
cients on the basis of resistance methods, but these failed to give 
worthy results for obvious reasons. However, rough estimates 
based on extrapolating the over-all coefficients of different tubes 
to a tube of zero thickness indicate that the coefficients from 
metal to boiling fluid can exceed 5000 Btu per hr per sq ft of 
inside projected area per deg. Such results are mentioned only 
in passing as supplying illumination rather than data. 

So far only those steaming runs in which the tube temperatures 
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TABLE 2 SUMMARY OF DATA 


Nomenclature 
nominal pressure, psi Q = heat absorption, M Btu 
inlet temperature, F hr r sq ft of 
outlet temperature, F projected area 
flow rate, lb per hr x quality of fluid at outlet 
mass flow, lb per sec per sq ft of average temperature 
cross section drop, outside tube wall 
velocity at outlet, fps to fluid, deg F 
pressure drop. through 
tube, in. water at 68 F 


w G sYV Q 
-1 O.5in. X 0.75 in. X 1 


-ooco 


0 
0 
0. 
0 
0 
0. 
0. 
0. 
0 
0. 
0. 
O. 
0. 
0 
0. 
0 
QO. 
0 
0. 
0 
0 
0 
0 
0. 
0 
0 
0. 
0. 
0 
0. 
0 
0 
0. 
0. 
0 
0. 
0. 
0. 
0 
0. 
0. 
0. 
0. 
0 
0.5 
0. 
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0. 
0. 
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0. 
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0. 
0. 
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Pp = 
N= 
T: = 
w = 
G = 
Ve= 
Run Run 
no. P Th T; T: w G V Q x At Ap 
Coil No 44-250 
14BH =1500 522 583 1150 240 46 
14C 1500 589 596 1230 250 46 
14DH 1500 495 582 906 180 80 48 251 
15AH 2000 675 622 1220 250 49-184 
15B 2000 633 636 1250 260 | 
15C 2000 630 636 764 160 | ft 
15D 2000 626 636 404 82 2 
16AH 2800 640 676 1112 230 22 78 80 
16B 2800 683 686 1090 220 I 39 83 62 
16C 2800 680 685 683 140 74 90 36 
16D 2800 678 685 512 100 50 72 41 
16E 2800 677 685 685 74 = — — 50 44 30 
N 5OK 596 578 29 29 0.33 19 32 
Coil No.2 0.5 in. X 0.75 in. X 2¢ SA 2000 631 636 1710 86 9 118 0.54 90 40 
17AH 1500 531 564 2510 510 11 81 49 234 8B 2000 632 636 1300 66 7 83 0.50 71 28 
17B 1500 586 596 2520 510 20 93 6 35 350 9A 2500 663 669 2110 110 5 100 0.16 64 29 
1I8SAH 2000 586 617 2430 500 12 88 | 46 238 9BH 2500 467 643 2110 110 3 129 0 147 6 
18B 2000 629 636 2460 500 19 86 7 36 331 10AH 2800 518 649 2590 130 4 122 0.00 122 10 
19AH = 2500 629 652 2375 480 13 77 43-240 10B 2800 680 685 2120 110 9 119 0.68 68 45 
19B 2500 662 669 2410 490 19 78 9 30 303 10C 2800 680 685 2490 130 9 117 056 68 38 
20AH 2000 336 426 2450 500 10 183 88 192 10D 2800 682 685 1990 100 7 78 0.48 47 22 
20BH 2000 337 445 2000 410 8 181 8 134 10E 2800 678 685 850 43 3 48 0.66 33 12 
20CH 2000 336 472 1570 320 6 180 83 90 11A 2500 661 669 1080 55 4 43 0.37 31 14 
20DH 2000 338 522 1080 220 5 171 104 45 11B 2500 663 669 1580 80 7 70 0.43 45 21 
20E 2000 627 636 1100 220 20 182 2 63 160 12AH 3000 559 669 3040 150 5 132 0 110 5 
21AH 1500 508 568 2520 510 11 149 70 220 12B 3000 691 696 3060 160 9 116 0.48 62 39 
21B 1500 593 596 2520 510 29 151 3 55 482 12C 3000 690 696 2300 120 8 121 0.76 70 26 
22AH 2000 559 617 2460 500 12 159 63 240 12D 3000 689 696 2320 120 7 84 0.45 43 31 
22B 2000 634 636 2450 500 24 135 4 50 410 12E 3000 692 696 1540 78 6 57 0.64 38 12 
23A 1500 590 596 2470 500 26 133 1 53 490 13A 3200 678 706 1500 77 33 70 Crit. 80 8 
24AH 2500 528 588 2390 490 11 141 62 235 13B 3200 680 706 1520 77 3 74 Crit. 80 8 
24B 2500 665 668 2420 490 20 125 6 40 431 13C 3200 685 706 1520 77 3 69 Crit. 72 8 
24CH ©2500 597 644 2380 490 13 139 55 275 13D 3200 685 707 1510 77 3 69 Crit. 72 8 
25AH 2800 617 661 2350 480 13 135 54-282 13F 3200 694 707 1510 77 3 65 Crit. 62 10 
25B 2800 681 685 2350 480 22 119 8 41 432 Coil No.5 1.753 gear 
25C 2800 681 685 1360 280 17 131 9 41 180 oil No.5 1.75 Sin. X 30.7 ft 
26AH 1500 467 571 1740 360 8 174 81 125 31AH 1500 405 520 5170 96 0 215 2 
26B 1500 587 596 737 150 24 179 3 48 148 31B 1500 591 596 5300 80 0.18 102 30 
26C 1500 586 596 509 100 24 188 1 56 120 32AH1 2000 535 602 5260 66 0 140 4 
26D 1500 586 597 480 100 24 193 8 56 100 32AH2 2000 535 603 5260 67 0 140 4 
27AH 2500 588 656 1780 360 10 151 63 155 32B1 2000 629 636 5200 62 0.16 80 19 
27B 2500 662 669 1200 240 14 159 6 48 156 32B2 2000 629 635 5200 66 0.17 81 19 
28A 2500 664 669 1030 210 14 199 9 59 eR 32Cl1 2000 630 636 3240 63 0.27 85 20 
28B 2500 663 669 1240 250 19 182 7 $87 172 32C2 2000 631 636 3240 61 0.27 77 20 
28C 2500 663 669 1100 230 20 188 4 58 148 33AH1 2500 523 617 5100 89 0 190 3 
29AH 3000 655 690 3200 650 21 206 63 510 33AH2 2500 522 613 5100 86 0 192 3 
29B 3000 691 696 1770 360 23 201 8 52 250 33B1 2500 658 668 5080 90 0.28 112 14 
29C 3000 693 697 1060 220 17 180 : of -i 33B2 2500 659 667 5080 92 0.30 115 14 
30AH 1500 488 567 1940 400 9 150 60 149 330 3500 663 O68 4550 89 0.34 115 1 
2 540 0.25 86 1 
Coil No.3. 0.5 in. X 0.75 in. X 30 33D2 2500 659 668 4540 70 0.25 85 1 
: 42AH 1500 501 552 5270 1080 24 165 66 bie 33E1 2500 658 669 4540 62 0.20 73 1 
42B 1500 592 596 5270 1080 52 163 0 49 ie 33E2 2500 659 668 4540 63 0.21 78 1 
42C 1500 582 596 2700 550 32 155 8 48 ee 33F1 2500 660 668 3450 58 0.28 70 1 
42DH 1500 394 483 2700 550 11 138 68 364 33F2 2500 660 668 3450 60 0.29 73 1 
43AH 2000 518 592 2660 540 12 132 58 372 34AH1 3000 552 641 5000 85 0 194 
43B 2000 630 636 2660 540 28 124 8 44 ee 34AH2 3000 552 642 5000 87 0 194 
43C 2000 627 636 1490 300 23 121 1 43 333 34BH1 3000 578 654 5010 78 0 174 
43D 2000 628 637 1470 300 27 132 4 63 361 34BH2 3000 579 655 5010 79 0 173 
43EH 2000 447 603 1420 290 6 143 76 ae 34C 3000 690 695 5060 81 0.39 103 7 
44AH 2500 529 617 2605 530 13 160 70 390 34D1 3000 689 695 4200 82 0.49 107 6 
44B 2500 662 668 2605 530 30 154 6 53 mee 34D2 3000 689 695 4200 88 0.53 109 6 
44D 2500 660 668 2590 530 33 183 2 57 ee 34E 3000 688 695 4130 49 0.22 55 6 
44F 2500 659 668 1840 380 19 94 1 30 465 34F 3000 688 695 4130 33 0.10 41 4 
44GH 2500 543 621 1830 370 9 102 50 370 34G 3000 688 695 4240 55 0.26 67 ‘ 
45AH 3000 615 673 2560 520 16 131 52 420 34H 3000 689 695 2540 54 0.54 69 5 
45B 3000 690 695 2560 520 24 129 0 40 i 35AH1 1500 457 579 3980 5 84 0 176 1 
45C 3000 691 695 2560 520 23 144 7 44 ee 35AH2 1500 458 581 3980 5 86 0 176 1 
45D 3000 689 695 2560 520 21 143 0.35 46 ~~... 35B1 1500 590 596 4010 87 0.26 120 30 
46A 3300 689 709 3080 630 32 151 gas 53 eta 35B2 1500 590 596 4010 85 0.25 117 29 
46B 3300 691 706 4310 880 37 128 gas 47 ee 35C 1500 590 596 3050 82 0.32 123 32 
46C 3300 706 709 4440 900 45 67 gas 29 ais 36AH1 500 322 451 5440 107 0 202 3 
46D 3300 706 709 3130 640 32 61 gas 25 eet 36AH2 500 322 449 5440 105 0 203 3 
47A 500 461 468 2090 430 71 145 g™ml6 59 pei 36B1 500 461 467 5490 110 0.18 145 51 
47B 500 461 468 2090 430 86 172 —20 71 ae 36B2 500 460 467 5490 111 0.18 145 51 
48A 1500 590 596 1950 400 39 169 [28 61 nee 37AH1 2000 461 579 5250 106 0 233 3 
48B 1500 587 596 1270 260 35 172 —44 60 442 37AH2 2000 463 580 5250 105 0 231 3 
48C 1500 590 596 755 150 32 170 M75 51 277 37B1 2000 629 635 5120 103 0.28 136 21 
48D 1500 588 596 750 150 18 88 M38 25 155 37B2 2000 631 635 5120 104 0.28 143 22 
48E 1500 585 595 740 150 15 69 #29 «19 15 37C1 2000 632 636 4710 107 0.33 149 22 
49A 2000 633 636 1450 300 15 57 915 420 @8=—. 230 37C2 2000 632 635 4710 108 0.34 152 22 
49B 2000 633 636 1460 300 16 67 M17 23 8 254 38AH1 1500 406 495 10560 147 0 280 10 
49CH 2000 537 611 1450 300 7 76 > i 38AH2 1500 407 500 10560 155 0 277 10 
49D 2000 631 636 1450 300 19 109 [M29 38 318 38BH1 1500 412 575 5280 145 0 273 3 
49E 2000 631 636 1450 300 25 151 940 51 384 38BH2 1500 410 572 5280 142 0 276 3 
49F 2000 628 636 970 200 26 157 —63 53 252 38Cl1 1500 470 596 4790 143 0.09 181 8 
49G 2000 628 636 710 140 22 154 M86 45 185 38C2 1500 468 597 4790 139 0.07 181 7 
50A 2500 628 668 910 180 17 158 —70 47 ~~ 150 38D1 1500 588 596 10560 142 0.15 176 47 
51A 2500 661 668 890 180 11 62 [32 20 116 38D2 1500 589 596 10560 142 0.15 182 47 
51BH 2500 575 664 905 188 5 63 42 63 38E 1500 589 595 5310 135 0.31 187 32 
51C 2500 661 668 930 190 14 95 M49 «#30 ~=150 38F 1500 590 597 4550 129 0.34 183 31 
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Run Run 
no. Pp T: w G Vv Q At Ap no. Ti T: w G V Q Xin Xout At 
39A 2000 629 636 10280 171 10 141 0. 73 34 = 
» 661 6 0150 169 9 141 0.2 y 27 70: 5 3 55 5 
7OB1 1500 595 596 1550 94 8 37 ‘ 

Coil No.6 0.92 in. X 1.25 in. X 53.3 ft 70B2 1500 591 596 1550 94 8 41 0 0.25 0 
53AH1 1500 460 519 6730 405 8 82 0 44.2 197 ms 
53AH2 1500 457 517 6730 405 8 85 0 46.7 200 vie 2000 511 689 2250 135 3 a 8 ° 89 
53B 1500 591 596 6760 407 20 79 0.10 36.0 380 30 0 0.25 24.9 
53C 1500 588 596 4450 268 15 65 0.12 30.9 212 72AH1 2500 454 523 3750 226 5 55 (OO 0 @§©6©67 
54AH1 1500 535 625 5170 312 8 115 0 72.1 140 OAH? 2500 438 507 3750 226 5 53 0 0 65 
54AH2 2000 536 625 5170 312 8 114 0 70.6 140 2eHi 42500 567 651 2270 143 4 is > 77 
54B 2000 631 636 5170 312 19 109 0.23 48.3 320 52BH2 2800 564 648 2270 143 4 52 0 0 80 
54C 2000 630 636 3090 186 7 103 0.38 50.2 180 72C1 2500 641 668 1440 87 6 46 0 0.33 26.2 
54D 2000 631 636 1900 1 14 14 99 0. 61 48 . 3 1 13 72C2 2500 653 668 1440 87 7 51 0 0. 44 28. 8 
54E 2000 624 636 1680 i101 14 100 0.67 47.9 100 72D 2500 654 668 1550 94 7 48 0 0.38 26.8 
54F 2000 628 636 3940 237 18 110 0.31 45.9 228 5341 500 444 467 3250 196 18 54 0 0.08 35.6 
54G 2000 628 635 2350 141 14 97 0.47 46.6 140 7342 500 460 467 3180 192 25 35 0 012 36.2 
55AH1 2500 565 600 10330 623 15 88 0 39.4 ... TiAH1 2000 443 524 5160 311 6 39 0 0 136 
55AH2 2500 564 595 10330 623 15 77 0 38.0 ... 74AH2 2000 436 513 5160 311 6 84 0 0 127 
S5BH 2500 671 629 5130 309 § 76 0 47.5 156 74BH1 2000 541 626 3450 208 5 76 0 0 79 
55C2 2500 666 668 5130 309 15 71 0.20 29.6 283 74C1 «2000: 624-636-2510 151 12 78 0 0.32 46.3 
55D1 2500 663 668 2600 156 10 67 0.36 31.7 112 74C2 2000-624 636 2510 151 12 77 «0 0.31 43.9 
55D2 2500 665 668 2600 156 10 64 0.36 30.1 110 75A1 2500 642 668 950 57 4 31 0 0.35 19.9 
55E 2500 663 668 1810 109 7 63 0.51 32.0 80 75A2 2500 664 668 950 £57 5 33 0 0.50 20.8 
56A1 500 455 467 5110 308 23 50 0.06 21.7 68 76A 2000 623 636 1100 66 5 34 0 0.31 19.9 
56A2 500 456 468 5110 308 20 44 0.05 20.1 53 7A 1500 588 596 1100 66 6 31 0 0.25 19.6 
56C1 500 455 464 1600 100 8 30 0.12 15.5 110 77A2. 1500 586 596 1100 66 6 30 0 0.24 18.4 
56C2 500 456 467 1600 100 7 28 0.11 14.7 100 784 2500 640 668 1770 107 6 50 0 0.26 32.2 
57AH1 3000 529 638 5100 307 8 132 0 81.8 130 78B 2500 656 668 1560 94 7 51 O 0.42 30.9 
S7AH2 3000 531. 639 5100 307 8 131 0 78.2 130 78Cl 2500 668 668 1300 78 7 512001 0.58 35.8 
57B 3000 693 695 5100 307 20 129 0.57 49.5 285 78C2 2500 658 669 1460 88 7 55 (O 0.50 31.4 

7C 3000 692 695 4100 247 18 131 0.73 47.5 190 78D 2500 638 668 1260 76 6 51 0 0.44 29.8 
7D 3000 688 695 3230 195 15 124 0.83 46.2 135 78E 2500 613 668 1110 67 5 50 0 0.41 32.2 
57E 3000 688 Super 2730 164 15 130 Super 57.6 103 78F1 2500 665 668 1110 67 7 50 (O 0.67 Note> 
57F 3000 687 695 3530 213 9 42 0.14 12.2 100 78F2 2500 668 668 1110 67 7 502 0.03 0.70 Noted 
57G 3000 688 695 2170 131 7 42 0.36 13.1 47 T9A 2000 620 636 1450 87 7 51 0 0.36 32.0 
57H1 3000 684 695 1770 107) 5 34 0.28 7.2 31 79B 2000 636 636 1330 80 9 5140.10 0.55 35.6 
S7TH2 = 3000-685 695 1770 107 5 23 0.14 5.8 28 79C 2000 636 636 1170 71 9 51¢ 0.11 0.64 33.2 
58A 2500 659 668 1780 107 5 260.17 (7.3 36 80A 1500 595 596 2220 124 12 61 0 0.26 41.2 
60AH1 1500 475 589 1970 119 3 50 0 66.2 28 80B1 1500 573 596 2450 148 11 62 0 0.19 41.0 
60AH2 1500 478 588 1970 119 3 49 0 67.9 29 80B2 1500 584 596 2250 136 11 62 0 0.24 39.0 
60B1 1500 584 596 1970 119 12 64 0.30 27.9 91 80C 1500 581 596 2250 136 11 62 0 0.23 40.0 
60B2 1500 587 596 1970 119 12 61 0.29 25.9 g9 s0D1 1500 591 597 1860 112 12 66 O 0.33 40.0 
60D 1500 580 596 1030 62 11 65 0.58 29.4 62 80D2 1500 584 596 1860 112 11 61 O 0.29 39.3 

60E 1500 575 600 770 46 10 65 0.79 29.0 55 80E 1500 584 596 1680 101 11 63 0 0.33 39.7 
61A 2000 627 636 1690 102 10 70 0.47 28.2 72 SOF 1500 585 596 1380 83 11 63 0 0.42 38.2 
61B 2000 619 636 1210 74 10 72 0.65 28.2 56 80G 1500 578 596 1220 74 11 64 0 0.47 38.0 
61C 2000 618 635 980 59 9 72 0.83 28.3 49 80H 1500 597 597 990 60 12 6320.06 0.69 40.0 
62AH1 2500 507 574 8800 530 12 130 0 71.0 332 80J 1500 596 596 990 60 13 6320.13 0.75 38.5 
62AH2 2500 509 579 8800 530 12 136 0 67.5 332 80K 1500 596 596 990 60 14 6320.20 0.81 43.4 
62BH 2500 508 638 4400 265 7 138 0 88.1 103 80L 1500 596 596 990 60 14 6320.22 0.84 40.6 
62C 2500 659 668 4400 265 19 130 0.40 49.9 228 81Al 2000 589 636 2670 161 8 7 0 0.13 40.1 
62D1 2500 659 668 3010 181 17 130 0.61 50.6 150 81A2 2000 595 636 2670 161 9 70 O 0.17 41.3 
62D2 2500 662 668 3010 181 7 136 0.65 52.2 150 81Bl 2000 625 636 2330 140 10 69 O 0.30 44.0 
621 2500 659 668 2240 135 16 138 0.89 52.4 134 81B2 2000 599 636 2330 140 9 73 ~#20 0.24 46.7 
62F 2500 659 668 2040 123 16 137 0.98 54.4 120 81C 2000 589 636 1640 99 8 7 0 0.36 44.8 
62G 2500 655 668 2010 121 13 110 0.76 43.1 105 81D 2000 636 636 1640 99 12 7320.05 0.57 447.8 
62H 2500 657 668 2030 122 12 102 0.71 37.1 100 81E 2000 636 636 1640 99 13 7320.15 0.68 46.3 
621 2500 661 668 2030 122 11 85 0.60 32.0 8&9 SIF 2000 636 636 1640 99 14 7320.18 0.70 Note¢ 
62K 2500 656 668 1400 85 10 90 0.91 32.5 60 S2A 2500 626 668 1840 111 7 68 0 0.34 54.14 
634 500 456 466 4700 283 2 123 0.18 60.6 82B 2500 639 668 1640 99 8 72 0 0.50 55.54 
63B 500 454 467 2520 152 51 125 0.35 63.2 415 82C 2500 668 668 1640 99 10 7220.07 0.73 51.94 
63¢ 500 448 467 1430 86 49 122 0.60 63.1 265 2D 2500 668 668 1480 89 11 7220.14 0.89 57.54 
63D 500 445 466 1090 66 47 119 0.77 58.3 210 82E 2500 668 Super 1310 79 .. 720 0.24 Super Note/ 
631 500 445 467 960 58 47 118 0.87 58.0 198 83A 500 444 467 4190 252 23 68 0 0.08 54.74 
64AH1 2000 448 598 3900 235 6 128 0 7.1 60 83B 500 446 468 3170 191 25 68 0 0.12 55.04 
64AH2 2000 447 596 3900 235 6 126 0 89.3 60 83C 500 461 468 1900 114 28 67 O 0.25 50.44 
64BH 2000 455 618 4220 254 6 155 O 105.3 105 83D 500 468 468 1900 114 44 682 0.14 0.40 £55.14 
64C 2000 632 636 4420 266 24 155 0.41 62.5 342 83E 500 468 468 1900 114 69 682 0.38 0.64 57.24 
64D 2000 627 636 2350 141 20 149 0.7: 62.1 182 844 1500 577 596 1950 117 11 64 0 0.27 48.04 
64E 2000 627 637 1900 114 19 148 0.90 63.7 145 84B 1500 577 596 1450 87 10 64 0 0.33 51.34 
64F 2000 625 636 1530 92 14 105 0.79 42.4 100 84C 1500 596 596 1450 87 21 64¢ 0.41 0.84 48.24 
65A 1500 585 596 2150 130 8 39 0.15 18.1 72 84D 1500 596 Super 1130 68 .... 642 0.75 Super Note* 
65B 1500 589 596 790 48 7 38 0.46 18.0 52 84E 1500 587 596 1130 68 6 31 0 .24 28.2 
65C 1500 587 596 530 32 7 40 0.73 18.4 52 84F 1500 579 596 740 45 5 32 0 0.38 28.8 
65D1 1500 577 Super 400 24 7 41 Super 21.4 48 84G 1500 557 Super 330 20 ... 36 0 Super Notes 
65D2 1500 574 598 400 24 7 42 1.00 18.9 51 85A 2000 636 Super 350 21 34a 0.63 Super Noteg 
66A 2500 662 668 1430 86 6 7 0.36 14.8 38 86A 2500 621 Super 350 21 34 0 Super Notes 
2500 657 668 790 48 5 38 0.68 31 
6 2500 655 668 590 36 4 38 0.9: 15.2 28 « Assumed to be the same as preceding runs (see text). 
66D1 2500 657 Super 480 29 4 36 Super 20.8 29 6 Tube temperatures 18, 20, and 22 ft from inlet were much higher than 
po 2500 657 Super 480 29 4 38 Super 24.2 28 before and were fluctuating (see text). 
66E 2500 653 668 480 29 3 23 0.65 7.7 30 ¢ Tube temperatures 16 and 18 ft from inlet were much higher than before 
66F1 2500 651 Super 310 1$ 3 22 Super 10.7 31 and were fluctuating (see text). 
66F2 2500 651 Super 310 19 3 23 Super 14.6 32 4 Tube temperatures on first quarter of tube higher, remainder of tube 
Run temperature about normal (see text). . 
25 2 ft of tu re very high an uating (see 

Straight Tube 0.92 in. X 1.25in. X 5 f Tube temperatures (i.t.-o.t.) about the same as preceding runs over 
68AH 500 403 454 1640 99 2 17 0 0 36 first haif of tube but very high and fluctuating over remainder (see text). 
69AH1 500 372 481 3530 213 4 42 0 0 63 @ Tube temperatures (i.t.-o.t.) about the same as preceding runs over first 
69AH2 500 384 441 3530 213 4 40 0 0 61 third of tube but very high and fluctuating over remainder (see text). 
69B1 500 459 467 2500 151 18 42 0 0.11 320 h Tube temperatures (i.t.-o.t.) about the same as preceding over first 6 
69B2 500 452 467 2500 151 15 39 (+O 0.09 30.6 ft of tube but very high and fluctuating over remainder (see text). 
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were considered normal have been discussed. Most of the runs 
fell into this class because it was not until the quality approached 
certain values that any noticeable overheating was normally ob- 
served. As shown in Fig. 19, the metal temperatures along the 
tube were high and low, the highest being found at the bottom of 
the convolutions and the lowest at the top, indicating quite a 
vertical variation in radiant heat. Because of this condition the 
beginning of overheating of the coils was first manifested by 
abnormally higher temperatures at the bottom of the turns, the 
top an side temperatures showing no appreciable change. In 
some cases as the flow was reduced this increase would appear on 
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only the last convolution, while in other cases most of the bottom 
temperatures would be high. Further decrease in flow would 
usually cause these peak temperatures to increase still further 
and then fluctuate. Finally, all the temperatures near the out- 
let end of the coil would be high and fluctuating, especially if the 
steam was superheated. The average At terms, reported in Table 
2, have the increased peaks included (except for coil No. 5), but 
the averages do not include the temperatures on the end portion 
of the tube if all temperatures had gone up. In the case of coil 
No. 5 the peaks and valleys were so great on virtually all runs, 
probably because of the large diameter of the spiral and cor- 
responding variation in furnace heat, that only the temperatures 
taken on the horizontal center line of the coil could be used to 
obtain consistent values of At even for low-quality runs. 

The final analyses here presented represent an attempt to 
generalize the experimental results on a systematic basis. 

The studies discussed thus far have been concerned with 
those runs in which evaporation took place. Although interest 
in liquid-heating or nonevaporating studies was not primary, 
several useful purposes were served and data of general interest 
were provided by making some runs in which the fluid tempera- 
ture was kept below the saturation temperature corresponding 
to the pressure. For example, when the fluid entered the calorime- 
ter at a temperature below the saturation temperature, it was 
possible to compare the heat picked up by the cooling water 
with that given up by the fluid flowing from the test surface and 
thus provide a combined check on the temperature and flow 
measurements. In addition, the coil temperatures during the 
liquid-heating runs were useful in indicating that the cause of the 
differences in the metal temperatures was not steam blanketing 
but differences in heat absorption along the tube, because the 
same differences existed when the fluid was entirely liquid. The 
pressure-drop data collected during the liquid-heating runs were 
helpful in the general correlation of pressure-drop information 
(refer to Part 3). 

The At terms observed during the liquid-heating runs were 
higher than for the evaporating runs at the same rates of heat 
absorption and therefore the over-all heat-transfer coefficients 
Uy were lower. When plotted against Reynolds number on 
logarithmic paper, Up increased rather gradually with increase in 
Reynolds number, as can be seen in Fig. 21, which is typical. 

A better picture of the performance of liquid-heating tubes, 
exposed to radiant heat on one side, would be available if the 
constant metal resistance for each size tube could be determined 
and then subtracted from the over-all resistance, thereby provid- 
ing the film resistance for correlation. To compute the metal 
resistance from the tube thickness entails too many assumptions 
under these conditions of exposure, but another method of ap- 
proximating the inside film resistance has been tried and is briefly 
described. If virtually all of the resistance when steaming is as- 
stymed to be metal resistance, as has been indicated to be the case, 
then an approximate value of the metal resistance can be ob- 
tained. Fig. 22 (refer to Appendix 1, page 26) shows the corre- 
lation of the coefficients obtained in this manner and plotted as 
the product of the Nusselt number and the Prandtl number to 
the 0.5 power against Reynolds number. Although the points 
scatter considerably and are higher than other data for water 
heated in pipes, they show a similar trend. The dotted line is re- 
produced from McAdams’ extended to higher values of Reynolds 
number. 

The final explanation is based on what the test results indicate 
was happening in an over-all manner, bearing in mind that it is 
not possible to present the complete physical picture which will 
ultimately furnish a full detailed explanation. 


7 “Heat Transmission,”by W. H. McAdams, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1933, p. 109. 
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Therefore the parameters applied in this study are to be re- 
garded as engineering conveniences for explanation and bounding 
purposes and do not exclude others which might be even more 
convenient or which to a student of heat transfer may seem to 
have been neglected. 

In a tube in which a fluid is being heated without a change of 
state such as an economizer or a superheater tube, the rates of 
heat transfer are systematically predictable. This is well known, 
needs no elaboration, and is verified by Fig. 21 for coil No. 3, 
on which the liquid-heating over-all coefficients and the critical- 
pressure over-all coefficients are shown. 

In the steaming tubes of these experiments the fluid usually 
entered the tube at a temperature slightly below the saturation 
temperature corresponding to the pressure. Therefore for the 
first small portion up to the point where evaporation began, the 
conditions were those of an economizer and are not of immediate 
interest, since well-known types of heat-transfer correlations 
apply. However, when evaporation or change of state begins, the 
heat-transfer coefficients change, usually to higher values. The 
fluid at the inception of evaporation consists of a two-phase mix- 
ture of steam bubbles and water, the water constituting the con- 
tinuous phase. At some unknown value of the quality, or per- 
haps because of the separation of the mixture, the steam becomes 
the only continuous phase with drops or slugs of water in it, or 
there coexist two continuous phases such as a layer of steam and a 
layer of water. Finally all the water disappears and the heat 
transfer becomes predictable again by the laws of convective heat 
transfer as in a superheater. 

To represent the experiments from this point of view, it is 
best to depart from the At relationship to a study of the over- 
all coefficients of heat transfer. From the data on free boiling 
it may be reasoned that the stirring effect of the bubbles is an 
important factor in the maintenance of heat transfer somewhat 
independent of quality. When, however, the bubbles have dis- 
appeared and wetting is by droplets (when vapor constitutes the 
continuous phase) the experiments still indicate the maintenance 
of cooling. One simple hypothesis is offered for both cases, the 
reasoning being purely deductive. The hypothesis is that the tur- 
bulence which prgduces cooling can be measured by the 
amount of thermal energy transformed into mechanical energy 
when the water changes into steam. This idea is expressible in 
terms of the volume rate of steam generation per unit area of 


heating surface, or as ——. If this is written as ——* where w 


is the product of bubble frequency and diameter, it is Jakob’s 
parameter for free boiling. 

The steam made at the heating surface must be replaced by 
fresh liquid and, by analogy, from the principle of mass action, 
the available liquid (coolant) may be proportional to the con- 
centration of liquid or, to hypothesize, to the volume rate of 
water flow per unit cross section of the tube. This equals 


Ga 


where g, is the quality at the section considered. 

The use of the ratio of the volum2 of steam made per second per 
unit of heating surface to the rate at which the volume of water is 
flowing per unit cross section of the tube offers a convenient 
parameter for study as the single elements are dimensionless. 


It is 
y( yey 
hy, 1 — 2, 


, z 
The parameter of principal interest is the first term (5) or 


the ratio of the rate at which steam is generated by weight at the 
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Fic. 24 Com No. 5: Steaminc Over-ALL TRANSFER 
CoEFFICIENT VERSUS PARAMETER 
(Average for entire coil.) 


inside surface of the tube to the mass flow in the tube. The second 


y 
parameter (; ) represents a measure of the water content 


in the tube. Terms v, and y are tabular values. 
For simplicity of reference to the first parameter put 
q’ 
¢ = 


in which q’ = Btu per sec per sq ft of inside tube surface, on 
a projected basis 
G = pounds of fluid per sec per sq ft of inside tube 
cross section 
hy, = tabular latent heat at pressure of test 


Fig. 23 shows the over-all coefficients plotted by pressures for 
coil No. 6. There is a distinct distribution according to pressure. 
The coefficients rise at initial values of the parameter and then 
fall. The values of the parameter which indicate the tendency of 
the coefficients to decrease is of the order of 7 to 10. Fig. 24 
shows the over-all coefficients for coil No. 5, the largest-inside- 
diameter tube tested. This is a good tube to consider for the 
parametric boundary is again of the order of 7 to 10, but has an 
added significance in that when a preliminary test of this tube 
showed a tendency toward overheating the mass flow was in- 
creased slightly in order to protect the tube. Therefore the tests 
approached the limit of highly conservative operation. Coils 
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No. 5 and No. 6 may also be said to represent the preferable 
experimental precision. Coil No. 3 (0.5 in. ID) also was tested a 
sufficient number of times to warrant the inclusion of the re- 
sults in Fig. 25. Here the coefficients rise as with the other larger 
tubes but at the maximum values of the parameter show no signs 
of decrease. : 

Coil No. 5 is of special interest to those who seem irresistibly 
drawn toward the association of overheating with complete dis- 
appearance of the water phase. None of the tests on this coil 
it will be noted exceeded X = 0.35 except at 3000 psi. 

The analysis was carried into the individual turns of the coil 
with the interesting results of Fig. 26 which gives the point values 
of the over-all heat-transfer coefficient for coil No. 5 against the 
parameter. Since there was no direct measurement made of the 
heat-transfer rate q’ along the tube, it was necessary to make cer- 
tain assumptions which can be briefly described as follows: From 
those runs which were considered normal, i.e., those with no indi- 
cation of steam binding at the bottom of the convolutions, the 
q’ at the bottom was assumed to be proportionally higher than 
the average q’ by the same percentage as the At at the bottom was 
higher than the average At. These values of qg’ at the bottom of 
each convolution were further modified for differences in total 
heat transferred during the abnormal runs, as compared with the 
normal runs, by assuming that the q’ terms at these points 
changed directly with the change in total heat transferred. The 
values of U’ were computed by dividing the estimated point 
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values of q’ by the measured values of At at the same points. 
The values of U’ for the horizontal center-line points on the 
coil are the same as the average values for the coilx The At 
terms at these points appear to be normal for all runs made on 
this coil. 

The following tentative conclusions may be drawn: 


1 For tubes up to 1.75 in. ID overheating is unlikely for values 
of ¢ less than 7. 

2 Small-inside-diameter tubes are safer than large-inside- 
diameter tubes for values of ¢ greater than 10. 

3 While large values of the parameter, other things being 
equal, are reached more quickly at high pressures, the superior 
cooling property of the steam and water tends to mitigate this 
and suggests that at pressures over 2800 psi the heat transfer 
should be examined from the point of view of the usual convective 
correlation. 

4 When the value of the parameter is of the order of 10 or 
more the phenomenon of steam blanketing may be expected. 
Steam blanketing is more likely to occur on the large-inside- 
diameter tubes than on the small for the same values of ¢. 


Tue Srraicut TuBE 


The straight tube 50 ft long, which presents the clearest ex- 
amples of normal and abnormal operating conditions, will be 
examined from the foregoing points of view. To permit a de- 
tailed examination of the possible application of the parameter ¢ 
several plots of At along the straight tube are presented with 
derived results at points corresponding to those at which At was 
measured. The curves presented to illustrate the behavior of 
the straight tube were constructed as follows: 


(a) Term At is plotted in every case as an observed value. 

(b) For the high-mass-flow tests, average heat absorption 
and average At, as previously demonstrated, plot on a straight 
line. Thus for these tests the point heat absorption is given by 
At times Uo (average) to a sufficient accuracy for our purposes. 

(c) Term ¢ is calculated from G and the heat absorption at 
the point. 

(d) Term X is calculated from average values of Q and a 
smooth curve drawn. Term X, of course, is not saw-toothed but 
must increase continuously. 

(e) Inthe curves which show superheating and steam blanket- 
ing, Q, ¢, and X are always derived from the preceding norma! 
tests at the same pressure and furnace-heat absorption. 


In Fig. 27, At shows no abnormal condition. The values are 
moderate for a mass flow of 117 lb per sec per sq ft, an average 
heat-absorption rate of 64,000 Btu per hr per sq ft, a final quality 
of X = 0.27, and a pressure of 1500 psi. The derived heat ab- 
sorption parallels the At curve and the quality X rises uniformly 
from the point of inception of evaporation to the end of the tube. 
The value of the parameter never rises above about 7. 

In Fig. 28 at the same pressure, heat absorption, and somewhat 
lower mass flow (68 lb per sec per sq ft) and with an initial quality 
X of 0.75 abnormal At measurements are shown. Up to measur- 
ing point 13, stable conditions prevailed, but immediately there- 
after At rose to excessive values. The computed quality reached 
a value of X = 1 at point 13 and thereafter the fluid must have 
been steam increasingly superheated as it approached the end of 
the tube. The parameter ¢ is higher than the normal values of 
Fig. 27 and reaches a value of 12 at two points. It is obvious that 
a value of the parameter of about 12 is an indication of a condi- 
tion of operation which resulted in overheating. 

Fig. 29 shows the results obtained on a test at 2000 psi under 
conditions which can be described as normal. The mass flow was 
140 lb per sec per sq ft, the heat absorption 73,000 Btu per hr per 
sq ft, and the final quality was 30 per cent. The highest value 
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reached by the parameter was about 9.5. With At indicating no 
conditions of excessive surface temperature, it can be concluded 
that the value of the parameter which will serve as a warning is 
now between the values of 9.5 and 12. 

Fig. 30 is interesting because it shows what is believed to be a 
condition of steam-blanketing due to high local heat absorption 
possibly caused by flame impingement. Fig. 30 should be com- 
pared with Fig. 29, because both were studies at the same pressure 
and approximately the same heat absorptions. For Fig. 30, the 
mass flow was reduced from 140 to 99 lb per sec per sq ft, and the 
initial quality was raised from 0 to 16 per cent. The value of At 
rose above the limits of the chart shortly after point 10 and re- 
turned to normal values at point 16. It is in this length of the 
tube that steam-blanketing or the coexistence of continuous 
phases of vapor and liquid is assumed. At point 16 and there- 
after the fluid reverted to a mixture and regained its ability to 
cool the tube. The computed values of the quality were low and 
ranged from 35 to 45 per cent in this location. The value of the 
parameter reached 13.0 at point 10 and this value may be as- 
sociated with the evidence of relative overheating probably 
caused by steam-blanketing. 

Fig. 31 shows conditions which can be described as normal at 
2500 psi. With the fluid temperature below saturation at the 
tube inlet evaporation did not start until about point 14-15, 
and thereafter the quality rose to a final value of 34 per cent. 
The values of At and q’ are parallel and not excessively high at 
any point. The parameter rises to a value of about 8 at three 
points but the rise was not sustained so that no indications of 
distress appeared. 

Fig. 32 shows another test at 2500 psi in which the heat ab- 
sorption was approximately the same as for the test shown in 
Fig. 31, but in which the mass flow was reduced from 111 to 79 lb 
per sec per sq ft, and instead of a liquid at a temperature below 
the saturation entering the tube, Fig. 32 shows a mixture quality 
of 23 per cent entering the tube. Steam-blanketing probably 
occurred over three sections of the tube as indicated by the high 
values reached by At. It is reasonable to assume that con- 
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tinuous phases of vapor and liquid phases coexisted in these areas 
with the vapor phase in contact with the tube and superheated 
although the final quality of the mixture was computed as 100 
per cent. It is interesting to note that this tube operating under 
these conditions of mass flow, heat absorption, and quality 
tended toward undesirable conditions which probably would have 
resulted in permanent damage if sustained. The parameter 
reaches values of above 12 at two of the high At regions but not 
the third. It is reasonable to assume that the average quality 
in the first two sections was low enough to permit restoration of 
cooling when the “hot-spot” area was passed but that after the 
quality passed 80 per cent, restoration of cooling was not accom- 
plished even though the heat transfer had decreased. 

Six interesting values of ¢ have been presented, three under 
normal conditions (6, 9.5, and 8) and three under abnormal con- 
ditions (12, 13.0, and 12). It can be said, therefore, that when 
the value of the parameter exceeds 9.5 there exists some danger of 
steam-blanketing, and a condition of steam-blanketing will exist 
when the value of the parameter reaches 12. 

The parameter can beeasily applied to any tube. If the parame- 
ter is expressed partly in its elements, the scale factor arising 
from the physical dimensions of the tube appears very clearly 
and simply. 


Thus 
hygG  hy(w/a) 4 why, 
where ' w = flow rate, lb per sec 


a = internal tube area, sq ft 
d = inside tube diameter, ft 


Similarly the final quality in a uniformly heated tube where 
the water enters at saturation is 
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Thus ¢ can be directly transformed to the final quality by the 
application of a constant (for any given tube) which concerns only 
the physical dimensions of the tube and the distribution of heat 
along the tube. In q’ and G the physical dimensions of the tube 
are included so that this parameter may be found on examina- 
tion to answer one of the objectives of this investigation which 
was to determine the influence on the performance of a tube of 
variations in its dimensions, i.e., a scale factor. 

Time was not available to study the application of the other 
suggested parameters 1/(1 — X,) and (v,/v,). One of the con- 
clusions of the present experiments is that 1/(1 — X,) will have 
a form giving it a very minor role until high values of X, are 
reached. For high pressures, it is believed that the effect will 
remain minor even for these. However, within the limits of the 
experimental procedure, the objectives of the investigation have 
been met. Further study of the data may broaden the basis of 
the correlations and expand the application of the parameters 
to an extent permitting definite conclusions with increased assur- 
ance 

3—-PRESSURE DROP THROUGH THE TUBE 


As discussed in Part 1 of this paper, under “Objectives,” it 
was the intention of these studies to examine the resistance to 
flow of water, under conditions of rising temperature, through 
the tubes and of steam-water mixtures, under evaporating condi- 
tions, through the tubes. An exhaustive analysis of fluid friction 
was not one of the objectives of the study and the experiments 
were not planned to include data of sufficient refinement to make 
such an analysis possible. However, in the work of correlating 
the available pressure-drop information and the examination 
of the effect of the-curvature of the tubes, certain interesting in- 
dications were developed concerned with the dependence of the 
friction factor on the energy changes of boiling and these are pre- 
sented. Such dependence is sufficiently indicated at least to en- 
courage further investigation under more favorable experimental 
conditions. 

The information derived from the observed pressure drops 
across the spiral coils, both liquid-heating and steaming runs, is 
presented in the form of friction coefficients. These coefficients 
are defined by the familiar formulation 


4fV dl 
1 
Pr 2gDv [1] 
where dppy = differential frictional pressure drop 
f = friction factor 
V = velocity 
v = specific volume 
dl = differential length 
D = inside diameter of tube 
The units are feet, pounds, and seconds. 
O7 
| 
BP 
a 
02 
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Liquid Friction. For the experiments in which the fluid did not 
change state (liquid-heating runs), the pressure drop Ap is taken 
as entirely frictional without engineering error. The friction fac- 
tor f was calculated from the usual equation derived from 
Equation [1] for the condition of no change of state 


CAp 
j= [2] 
where 
2gD 
Ap = pressure drop 
G = mass flow 
v = arithmetic-average specific volume 


The values of f computed from Equation [2] are plotted against 
the average Reynolds numbers (GD/z) in Fig. 35, for the six 
coils tested. The curve marked ‘‘McAdams’’ is given to permit 
a comparison of the correlation of these results with an accepted 
correlation for isothermal friction in commercial tubes up to 2 in. 
ID. It may be concluded that within the precision of these 
determinations which is of the order of 5 per cent for the liquid- 
heating runs, the liquid friction, while slightly higher than the 
standard, presents no very unusual aspects. 

Curvature of the Tubes. Previous work® indicates that curved 
tubes will exhibit considerably higher friction than straight tubes 
in the viscous-flow region, and that the friction approaches that 
of a straight tube of the same length in the highly turbulent zone 
when the zones are defined by the Reynoldscriterion. The parame- 
ter usually employed to relate curved- and straight-tube fric- 
tion is 


A=r/R 
where r = inside tube radius 
R = radius of curvature 


A consistent form of this parameter is e4 as suggested by W. J. 
Wohlenberg. Mean R for a spiral coil form may be defined by 
the equation 


R, = SRdi/fdl 


Integration of the foregoing expression for a spiral of Archi- 
medes yields no significant difference for the coils tested from the 
arithmetic-average radius. For the six tubes A,, varies from 
0.036 to 0.05 which is not a sufficient difference to afford a basis 
for experimental discrimination. 

In order to answer the question as to the significance of any 
difference between the coils and a straight tube, the isothermal 
friction was determined for the straight tube and the results 
are shown in Fig. 34. The conclusion, that for value of A below 
0.05 (or in tubing carefully bent to a mean radius more than 20 
times its inside diameter) there is no significant difference in 
friction for Reynolds numbers of over 50,000, is definite enough. 

Steaming Friction. The formulation of the factors for the 
steaming runs with the spiral coils presents unusual aspects and 
both accidental and systematic sources of error. The precision 
of these results for coils Nos. 1, 2, 3, 4, and 6 is about 10 per cent 
and for coil No. 5 about 20 per cent. A discussion of these ex- 
periments is necessary since the conclusion will be advanced that 
steaming friction is greater than the ordinary hydraulic friction 
of mixtures of steam and water. 

The basic equation used for the reduction of the results is 

VdV dz 


—d(Ap) = — [3] 
vg v v 


8“‘Modern Developments in Fluid Dynamics,” edited by 8S. 
Goldstein, Great Britain Aeronautical Research Committee, Claren- 
don Press, Oxford, England, vol. 1, 1938, p. 312. 
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where Ap = pressure drop across tube A plot of these coefficients against the inlet Reynolds numbers 
V = velocity is given in Fig. 36 for coil No. 6. It is evident that for the lower 
v = specific volume values of Reynolds number the correlation departs considerably 
F = friction loss (head) from the isothermal. Two possibilities remain, one of which is 
z = gravity elevation that the independence of the friction factor and the curvature of 


In order to calculate dF/v (that part of the observed pressure 
drop due to friction), each right-hand term must be put in the 
form of an exact differential and integrated. 

For a tube of constant cross section VdV /vg is an exact differen- 
tial readily integrated to give 


where G = mass flow 
vo = specific volume at tube outlet 
vy = specific volume at tube inlet 


The units are feet, pounds, and seconds. 

Ap, is acceleration pressure and is independent of all error but 
that of outlet quality. 

Expression dz/v represents that part of the observed pressure 
drop which is due to the summation of all the hydrostatic heads 
in the spiral and which would be zero if the spiral were full of cold 
water. This gage correction for a spiral tube in which the volume 
changes along the tube is easy to formulate analytically and cor- 
respondingly difficult to calculate. Its value is not far from that 
given by 


where the indicated summation is the algebraic summation of all 
the vertical projections of the turns divided by the arithmetic- 
average specific volume in the turn. 

This gage correction varies only with the outlet quality and 
pressure and has a range of values from 0 to 10 in. of water. On 
coil No. 5, which is the large tube and which had the lowest ob- 
served pressure drops, the magnitude of the calculated correction 
is in one or two cases equal to the observed pressure drop and 
therefore these results are less certain. The results used in the 
calculations of this tube are based on pressure drops at least twice 
that of the correction. On the smaller tubes, where the observed 
pressure drops are high, the effects of this correction are negligible 
but it remains as an inherent defect in the experiment. 

Having evaluated Ap, and Ap, 


aF 
Ap — (Ap, + Ap,) = [6] 


These observed differentials were thus reduced. 

The change of specific volume with pressure at constant 
enthalpy is negligible for high pressures and small pressure drops. 
If f is taken as a constant in Equation [1], then for uniform heat 
absorption it is easily shown® that Equation [1] can be expressed 
as an exact differential which when integrated gives for f 


29D |, 


f= 


For the theoretical objections to this type of treatment see dis- 
cussion by V. J. Skoglund of a paper by W. H. McAdams and 
others. !° 


®“A Method of Estimating the Circulation in Steam-Boiler- 
Furnace Circuits,”” by A. A. Markson, T. Ravese, and C. G. R. 
Humphreys, Trans. A.S.M.E., May, 1942, Appendix 2, pp. 281. 

“‘Vaporization Inside Horizontal Tubes,’’ by W. H. McAdams, 
W. K. Woods, R. L. Bryan, Trans. A.S.M.E., vol. 63, 1941, pp. 545- 
551. 


the tube, which was demonstrated for liquid flow, is not true when 
evaporation is taking place. This could not be demonstrated in 
the 50-ft straight tube because of the magnitude of the gage cor- 
rection. 

The other is that the friction in a tube heated on one side with a 
change of state occurring in the fluid would depend upon the 
transverse momentum changes thereby produced. Such a state 
of affairs possesses a posteriori reasonableness based on present 
general knowledge of friction and heat transfer in the relation to 
momentum changes. 

The dimensionless parameter v/v,utie, iS chosen to represent 
this thermodynamic effect. Fig. 36 shows the correlation of coil 
No. 6 against GD/u and (GD/y)(v,/v). Finally, it will be noted 
that on this correlation the high values represent that interpreta- 
tion of these results can be accomplished in terms of separation 
of the mixture, bubble slip, etc. This effect, as would be ex- 
pected, disappears at high values of (GD/x)(v,/v). 

Fig. 37 shows the steaming friction factor for all coils plotted 
against Reynolds number modified by the dimensionless parame- 
ter v/v. The curve of the friction factor for the liquid heating 
is superimposed on the data for comparison and indicates that, 
when the steaming friction factor is modified by the parameter, 
the correlation is comparable to the liquid-heating friction factor. 


4—PRESSURE DROP THROUGH FLOW-DISTRIBUTING 
EQUIPMENT DESIGNED FOR USE IN FORCED-CIRCULA- 
TION BOILERS 

During the progress of the tests at Sherman Creek Station, 
the design for a large forced-circulation boiler was progressing 
independently. The designers, aware of the high-pressure tests, 
brought to the authors’ attention doubts which existed as to the 
reconcilability of pressure-drop and flow data from European and 
Canadian sources. The ease with which data could be obtained 
with the use of the equipment at Sherman Creek made it ad- 
visable to test the pressure drop and flow over a range of high 
pressures at temperatures only slightly below the corresponding 
saturation point. 

A short section of a distribution header fitted with a removable 
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AS A FUNCTION OF RATE 
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strainer-and-orifice assembly and provided with a side inlet ar- 
ranged 90 deg circumferentially from the 7/s-in-ID discharge 
connection, designed for bifurcation as shown in Fig. 38, was sup- 
plied by Combustion Engineering Company, Inc. The test sec- 
tion was mounted on the outside of the boiler between the exist- 
ing connections provided for the interchangeable heat-transfer 
coils and was thoroughly insulated to maintain the temperature 
of the fluid at very low flows. Five orifices (!/4, 5/16, 3/s, 7/16, and 
'/) in. nominal size), installed at the outlet of the short section 
of the header, were tested. 

The upstream pressure tap was in the header and the down- 
stream pressure tap was several pipe diameters from the orifice. 
With these differential-pressure connections, the indicated pres- 
sure drop (maximum value 18 psi) included the pressure loss in 
the strainer and the partial recovery of the velocity pressure from 
the orifice. The data so obtained do not permit computing the 
coefficient of discharge for orifices, ample information on which is 
available in the literature. Furthermore, the values of pressure 
drop versus flow rate are applicable only to the particular ar- 
rangement and dimensions of the test section used. While there 
is no reason to suspect that the flow through this type of orifice 
assembly should not obey the simple relationship 


w = 


where w = flow rate, lb per sec 
k = constant 
Ap = pressure drop, psf 


specific volume, cu ft per Ib 


v 


in which the orifice is the prime resistance and the Reynolds 
numbers are high, it was thought worth checking at high pressures 
and at temperatures sufficiently below the corresponding satura- 
tion points so that flashing did not occur. 

Fig. 39 shows that log, plotted as abscissas against log ( Ap/v) 
as ordinates gives a single straight line of slope 2 for each orifice 


when pressures varied from 250 to 2500 psi and temperatures 
were from 3 to 15 deg below the corresponding saturation point. 
The results show that sufficient engineering accuracy may be ob- 
tained by testing identical assemblies with low-pressure cold 
water. 


5 HEAT-TRANSFER COEFFICIENTS OF AUXILIARY 
EQUIPMENT 


The readiness with which heat transfer over a wide range of 
pressure could be measured on the special heat-exchanging equip- 
ment used in these investigations led to the determinations re- 
ported in this section of the paper. 

The heat-exchanging equipment was all designed to fit the con- 
ditions imposed by the investigation through the use of existing 
coefficients or extrapolations. The results of the principal in- 
vestigation show that the coefficients used were satisfactory. 
Heat-transfer data were obtained over a pressure range from 500 
to 3000 psi on the following heat-exchanging equipment: (1) 
The calorimeter; (2) the high-pressure heat exchanger; (3) the 
subcooler; (4) the convection heater. 

Except for the temperatures of the cooling water used in the 
subcooler, which were measured with suitable mercury-in-glass 
thermometers, water temperatures on the high-pressure heat 
exchanger, the subcooler, and the convection heater were 
measured with iron-constantan thermocouples peened into the 
pipe surface. The accuracy of the peened thermocouples for heat- 
transfer data was established by comparing the temperatures ob- 
tained with the method described in Part 1. The majority of the 
measurements differed among themselves by 1 deg or were 
identical. Heat transfer in the calorimeter constituted part of the 
data necessary for the major investigation and no additional 
instrumentation was required. 

The Calorimeter. The essential dimensions of the calorimeter 
are given in Table 3 


TABLE 3 ESSENTIAL DIMENSIONS OF CALORIMETER 
High-pressure tube: 


Jacket: 
Diameters, in......... 2.125 ID 
Area annular opening, sq 0.012 

Jacket section: 5 Total 
Surface (based on 1!/: in. OD), 

0.3 0.4 O.8 1.2 1.6 4.3 


During most of the investigation the fluid entering the calorime- 
ter was a mixture of vapor and liquid, while in the remainder 
the fluid was entirely liquid. Those runs in which only liquid 
entered the calorimeter are segregated in group 1, Fig 40, and 
have been designated liquid-heating runs. All runs in which the 
entering fluid contained some vapor have been arranged in group 2 
and have been designated steaming runs. In all cases the fluid 
discharged from the calorimeter had been cooled to at least 4 or 
5 deg F below the corresponding saturation temperature and was, 
therefore, entirely liquid. 

The total heat transferred was determined from the rise in 
temperature and the flow of the jacket water. The coefficients 
of heat transfer were based on the outer surface of the inner tube 
as given in Table 3. For the computation of Reynolds numbers 
of the liquid-heating runs, the inlet and outlet temperatures were 
averaged arithmetically and the absolute viscosities at this tem- 
perature are from the A.S.M.E. Fluid Meters Report Part 1 (1937). 
The viscosity of the saturated liquid was used for the steam- 
ing runs. For fluid within tubes the Reynolds number was based 
on the inside diameter; for fluid in the annular opening between 
the jacket and inner tube, it was based on an equivalent diameter 
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which was computed by means of a formula used by McAdams.!! 


= (D,? — D,?)/D, 


where D, = equivalent diameter 
D, = outer diameter of annular opening 
D, = inner diameter of annular opening 


In order to limit the application of the results expressly to the 
range of values actually used in these investigations of the 


TABLE 4 CALORIMETER-PERFORMANCE DATA 


Group 
Inlet temperature, high-pressure fluid, F......... 339-689 1 
Inlet temperature, high-pressure fluid, F......... 467-695 2 
Outlet temperature, high-pressure fluid, F........ 300-613 1 
Outlet temperature, high-pressure fluid, 462-690 2 
Inlet temperature, Jacket water, F.............. 55-70 1 and 2 
Outlet 100-205 1 and 2 
Mass flow, high-pressure fluid, lb per sec per sq ft... 82-370 1 
Mass flow, high-pressure fluid, lb per sec per sq ft. . 39-370 2 
Inlet quality 5 per cent 2 
Mass flow, jacket water, lb per sec per sq ft...... 30-168 1 and 2 
Heat pick-up, jacket water, M Btu per sq ft per hr. 90-234 1 
Heat pick-up, jacket water, M Btu per sq ft per hr. 144-314 2 
Reynolds number pressure fluid............. 58000-550000 1 
Reynolds number high-pressure fluid............. 43000-512000 2 
Reynolds number jacket water.................. 5300-56000 1 
Reynolds number jacket water.......... 6500-56000 2 


Rp high-pressure Guid . 
Rp jacket water 
Rp high-pressure fluid 
Rp jacket water 


Ratio = (for Group 1) = 4.1-13.5 


Ratio = 


(for Group 2) = 3.0-17.2 


calorimeter, the upper and lower limits of temperatures, heat 
transfer, mass flow, and Reynolds numbers are given in Table 
4 for both the high-pressure fluid and the jacket water. 


11 “Heat Transmission,’”’ by W. H. McAdams, McGraw-Hill Book 
Co., Inc., New York, N. Y., 1933, p. 235. 


In Fig. 40, the over-all heat-transfer coefficient is plotted 
against the product of the Reynolds numbers of the jacket water 
and the high-pressure fluid for data groups 1 and 2. While the 
correlation of the over-all heat-transfer coefficient against the 
product of the Reynolds numbers is highly empirical, it yields 
satisfactory results for the particular conditions of operation 
which prevailed. In Fig. 40, the heat transfer is based on the 
total outer surface of the inner tube, and the data have not been 
evaluated for hedting surface covered by each jacket section. 

It is not difficult to eliminate the conductivity of the metal 
from the over-all coefficients by use of the resistance concept and 
thus produce a combined film coefficient for correlation against 
more rational forms of dimensionless parameters or even against 
the same parameters. These expedients were not resorted to as 
they supply no new extension of existing data. 

An examination of the complete data indicated that after 350 
service hours the heat-transfer coefficient had fallen off about 15 
per cent. 

High-Pressure Heat Exchanger. This heat exchanger con- 
sisted of four identical loops arranged in series, one of which is 
shown in section with all necessary dimensions in Fig. 41. The 
temperature-measuring points and by-pass connections for ar- 
ranging the circuit for one or more loops are also indicated. As 
stated in Part 1, the heated liquid flows through the inner tube 
and the heating liquid through the outer tube. 

The total heat transferred was obtained from the flow and the 
heat absorbed by the inner tube although the heat drop in the 
outer tube checked to within 3 per cent in most cases. The heat- 
transfer coefficient reported is an over-all figure, based on the 
outer surface of the inner tube. Table 5 contains the data on com- 
puted surface, cross section, range of observed temperatures, 
mass flows, and Reynolds numbers. 

The flow rate of the inner tube was the same at all times as the 
flow rate of the outer tube and therefore the Reynolds numbers 
of the inner and outer tubes were always proportional, assuming 
the absolute-viscosity variation to be small. The coefficients 


TABLE 5 HIGH-PRESSURE ee PERFORMANCE 


Outer tube, annular aren, ft. 0.00742 
Inner tube, outlet temperature, to 608 
Outer tube, inlet temperature, F.........cccccscevece 00 to 686 
Inner tube, mass flow temperature, lb per sq ft per sec. a to 529 
Sutte « Mass flow — inner tube = 1.36 
os Mass flow — outer tube . 

Average heat-transfer rate, Btu per sq ft per hr........ 12,500 to 70,300 
1¢ 2 3 
Cumulative surface (based on 15/s 

10.45 20.90 31.3 41.80 


Inner tube, inlet temperature, F.. 322-536 275-435 296300 190-233 
Outer tube, outlet temperature, F. 358-644 310-569 266-466 232-404 


® This loop is the one shown in Fig. 42 and contains the outlet water con- 
nection to the inner tube and the inlet water connection to the outer tube 
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were therefore related to the Reynolds numbers of the fluid in the 
inner tube. In Fig. 42 is shown the plot of the over-all heat- 
transfer coefficients for the single upper loop (curve A), loops 1 
and 2 (curve B), loops 1, 2, and 3 (curve C), and loops 1, 2, 3, 
and 4 (curve D). In order to avoid confusion, the actual points 
through which the curves were drawn are shown for curve A 
only. 

Subcooler. The subcooler is illustrated in Fig. 14, Part 1, 
together with its dimensions. Table 6 gives the calculated values 
used in the heat-transfer calculations. The outer surface of the 
high-pressure coil was used as the basis for computation of the 
heat-transfer coefficients. The total heat transfer was obtained 
from the flow rate and temperature drop through the high- 
pressure coil. The flow rate of the cooling water was computed 
from the total heat transferred and the cooling-water tempera- 
ture rise. 

Reynolds numbers of the cooling water and high-pressure water 
were computed in the same manner mentioned in the calorimeter 
section. The inner diameter of the shell was assumed to be the 
diameter of the high-pressure coil at the center of the tubing for 
the purpose of computing the equivalent diameter. 


TABLE 6 SUBCOOLER PERFORMANCE DATA 


Surface (based on 15/s in. OD), sq ft........ 80.8 

Inlet temperatures, high-pressure water, F................. 232-491 
Outlet temperatures, high-pressure water, F............... 51-183 
Inlet temperatures, cooling water, F............0.0.eeeeee 43-70 
Outlet temperatures, cooling water, F............6...000008 63-125 
Mass fiow, high-pressure water, lb per sq ft per sec......... 71-529 
Mass flow, cooling water, |b per sq ft per sec.............4. 7.4-114 
Heat transier, Btu per oq ft per br... 1000-32000 
Reynolds number, high-pressure 7600-—340000 
Reynolds number, cooling eee 4200-94500 


high-pressure water 
Rp cooling water 


Ratio = 


Fig. 43 shows the plot of over-all heat-transfer coefficients 
using the product of the Reynolds numbers of the high-pressure 
water and the cooling water as the parameter. 

Convection Heater. The convection heater contains two gas 
passes with four heating coils in the inner pass and three heating 
coils in the outer, concentrically arranged. In Fig. 44 will be 
seen a flow diagram of the water circuit. In such a setup parallel 
flow and counterflow occur within the same pass. It will also be 
noted that the outlet-water connection is at the end of the first 
pass, which makes evaluation of the inlet-temperature dif- 
ference difficult without intermediate temperature measurements. 
Because of the limited scope of the work, it was assumed that the 
log-mean temperature-difference formulation could be applied. 
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The temperatures measured were the inlet and the outlet water 
temperatures of the convection heater and the outlet flue-gas 
temperature. Because of the arrangement of the inlet first- 
pass duct work, which admitted tempering air into the heater as 
required, the inlet-gas temperature could not be measured satis- 
factorily. Therefore, this temperature was computed from the 
heat absorbed by the water, metered flue-gas flow, and outlet 
flue-gas temperature. 

In Table 7 will be found the essential dimensions of the con- 
vection heater, observed data, and computed values. 


TABLE 7 CONVECTION-HEATER-PERFORMANCE DATA 


Inner pass (annular section), ft................-56- 3.75 OD X 2.41D 


ines nome, § water coils, 12 in. diam., 10 in. pitch, 11 turns each, 2 in. OD X 
in. 

Outer pass, 3 water coils 32,4 37, 42,2 in. diam, 4 in. pitch, 24 turns each 
2in. OD X 1!/,in. ID 


Coil surface, based on 2 in. OD, sq ft............... 460 
Flue-gas-temperature range, inlet, F................ 500-1600 
Flue-gas-temperature range, outlet, F............... 380— 620 
Water-temperature range, inlet, F.................. 281— 592 
Water-temperature range, outlet, F................ 456-— 693 
Heat absorbed by water, range Btu per sq ft of coil 
Flue-gas velocity range, inlet, fps.................. 20- 60 
Mass flow range, lb per sq ft per sec................ 17- 325 


@ These coils on same center line. 


The curve in Fig. 45 is a plot of the heat-transfer coefficient 
using the mass flow of the flue gas as the parameter. 
The foregoing measurements of heat transfer provide a com- 
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parison of three arrangements of liquid-to-liquid and liquid-to- 
vapor-liquid transfer surfaces. The straight tube, within a jacket 
constituting the calorimeter and using comparatively cold jacket 
water, can be compared with the tube within a tube of the four- 
section U-bend high-pressure heat exchanger using cooling water 
at higher temperatures. Such a comparison indicates the co- 
efficients are of the same order of magnitude when the parameter 
is put on the same basis. The subcooler with its coiled inner tube 
shows low transfer rates due to the low mass flow around the coil. 
The convection-heater coefficients compare with the coefficients 
of new commercial economizers. 
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Appendix 1 


DERIVATION OF FIG. 22 


Fig. 22 in which the Nusselt-Prandtl function is plotted against 
the Reynolds number and compared with the correlation given 
by McAdams is obtained as follows: 


1 
Fig. 33 shows for coil No. 6 the over-all resistances v, plotted 
0 
against pressure. A trend toward lower coefficients at lower 
1 
pressures is represented by the straight line shown, ing A+BP, 
0 


which is purely empirical in form and merely states that the re- 
sistance decreases with the pressure in approximately this form. 
By solving this equation for 3000 psi pressure and assuming that 
the resistance given is virtually that of the metal, the liquid- 
heating runs for coil No. 6 are then solved for a pseudo film co- 


efficient, using this value of U, However, the value of — used 
0 0 


must include some interface resistance and therefore be high by 
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some degree. The calculated Nusselt-Prandtl function is there- 
fore high and the conclusion that Fig. 22 validates for high 
pressures and temperatures the generalized concepts of heat 
transfer is well substantiated. It is of interest to note that for 
these conditions the Prandtl number is of the order of one. 


Appendix 2 


CORRELATION OF At WITH HEAT TRANSFER, TUBE 
WALL THICKNESS, AND PRESSURE 


In Appendix | it was shown, with the aid of Fig. 33 for coil No. 
6, that the relation between the coefficient of heat transfer and 
the pressure could be represented by the empirical equation 
1/Up) = A+ BP. A similar relation was found to exist for all 
other coils and for the straight tube, although the spread of the 
points was somewhat greater. For all of the coils and the straight 
tube, the slope of the lines was essentially the same and corre- 
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sponded to B = —4.0 X 107'% By determining the intercept 
at zero pressure, the value of A was determined for each coil and 
straight tube. These values are plotted in Fig. 46 as a function 
of tube wall thickness. 


We have put {1] 
where Q = heat absorption, Btu per hr per sq ft of projected 


area (values in Table 2 X 1000) 
Al = average temperature drop (Table 2) 
P = pressure, lb per sq ft absolute 


where A for a given location of tube is a function of tube 
thickness, as shown in Fig. 46, and B has the value just stated. 
For different locations the magnitude of A will change depending 
mainly on circumferential distribution of heat flow. Note that 
the value of A for the straight tube which was tested in a water- 
cooled furnace is above the line passing through the points for 
the coils which were tested in a refractory furnace. 

As a measure of the correlation between values of At computed 
by the use of Equation [3] and observed values, all data have 
been plotted in Fig. 47. Cases for which the computed and ob- 
served values are identical will fall on the 45-deg diagonal line. 


Substituting 


Discussion 


Joun Buizarp.'* Two very important facts have been brought 
out in this paper. One is the wide range of intensity of heat ab- 
sorption which occurred over a comparatively small area in the 
particular furnace in which the experiments were carried out, and 
the other is the high local heating of the wall of a tube. Since the 
cause of this local heating remains obscure, it is highly desirable 
that it be investigated further in order to determine the factors 
which caused it. 

For the first time an attempt has been made to show the rela- 
tion between the rate of radiation on the front of a tube and the 
temperature of the tube, and velocity and properties of a mixture 
of water and steam flowing in the tube. 

Since over a small area near the front of the tube one may ex- 
pect but a small variation in the rate of absorption of radiation, 
the direction of flow of heat through the tube near the front 
should be almost entirely radial. It is therefore somewhat dis- 
concerting to find, from the experiments with the coils, that the 
calculated thermal resistance of the tube itself, based on radial 
flow, is greater than the measured over-all thermal resistance 
from the wall of the tube to the fluid inside the tube. The ther- 
mal resistance of the wall of the straight tube is less than this 
over-all resistance. 

The friction factor for isothermal flow of water in the straight 
tube was found to be very high, which presumably was caused 
by some undue roughness of the tube. It is important to know 
whether this frictional resistance was determined before or after 
the experiments. If it were measured after the experiments, it is 
possible that the roughness was caused by the presence of matter 
deposited on the wall of the tube during the experiment. 


G. M. W. S. anp H. G. Europ, 
Jr. Section 2 of the paper treats of the measured tube-surface 
temperatures and gives data on variations along the length of the 


Head of Research Department, Foster Wheeler Corporation, 
New York, N. Y. Mem. A.S.M.E. 

13 Department of Marine Engineering, U. S. Naval Academy, 
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% Department of Marine Engineering, U. S. Naval Academy, 
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tube. The writers were interested in the circumferential and 
interior temperature distributions at any section of the tube. As 
they were unable to find a treatment of this particular heat- 
transfer problem, it was thought that the solutions obtained 
might be of interest. 

An approximate solution was obtained experimentally, using 
an electrical analogy. An isothermal interior boundary of the 
tube and a distant source of radiation were represented by copper 
conductors. The tube metal and the region in front of it were 
represented by a sheet of gelatin made slightly conducting. The 
rear boundary of the tube, assumed nonconducting, was repre- 
sented by trimming away the gelatin. Equipotential lines in the 
gelatin then represented isotherms in the tube metal. This ap- 
paratus has obvious defects and is mentioned only because, in 
spite of these, the curves obtained were closely similar to those of 
Fig. 48 of this discussion. 

Two cases were then studied analytically; (1) a tube receiving 
radiant energy uniformly per unit of projected area, as from a dis- 
tant source, and (2) a tube receiving radiant energy uniformly 
about a semicircumference. In both cases it was assumed that 
interface resistances and external convection and conduction 
were negligible. The first two assumptions are in line with the 
authors’ conclusions. The third would hold if the refractory 
backing were practically at tube-surface temperature. 

The corresponding mathematical conditions, and the Fourier 
series arrived at, are given later in this discussion. Making the 
calculations for radii proportional to those of tubes Nos. 1 to 4 
of the original paper, and reducing temperatures to an arbitrary 
scale of 0 at the inner boundary and 100 at the hottest point of 
the outer boundary, we get the isotherms shown in Figs. 48 and 
49 of this discussion. As symmetry is assumed, only half a tube 
section is shown. 


Fie. 48 Fie. 49 


Each of the cases studied is rather extreme. Any real furnace 
condition will probably lie between these and, in addition, will be 
unsymmetrical for most tubes in the furnace. 

The significance of these figures, as regards the authors’ data, 
is that asymmetry of the flame may introduce appreciable error, 
and this always in the direction of making the observed At too 
low. If furnace conditions approached those of Fig. 48, and if 
the thermocouple were 25 deg eccentric, the measured At would be 
10 per cent less than the maximum at that section. With the 
thermocouple on the axis, eccentricity of the flame would intro- 
duce a similar error. 
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The foregoing is no criticism of the authors’ work, since they 
have explicitly pointed out the many factors entering into their 
averaged At figures and, at the same time, have justified the engi- 
neering utility of those figures. It is merely a point to be noted 
by those who undertake closer analyses of these valuable tests. 


MATHEMATICAL CONDITIONS OF ANALYTICAL STUDIES 
The following nomenclature is used: 


T = temperature 

= radius 

= angle measured from tube axis nearest fire 
subscript denoting inner boundary 
subscript denoting outer boundary 
maximum heat flux at 

k = thermal conductivity of tube metal 


ll 


To express the condition of negligible interface resistance at 
the inner boundary, we have: 


T. = constant (= 0, for convenience)......... [7] 


To express the condition of negligible conduction across the 
rear outer boundary, we have 


oT 
Or/r=n 
To express the conditions of radiant-energy absorption in Case 
1, we have 
oT Q © 
— = — 
(2) 008% or0< <3 [9] 
and in Case 2 we have 
oT Q 
= —~,f 10 
(2 k 2 


Writing Laplace’s equation in cylindrical co-ordinates, assum- 
ing T = f(r) X (6), and taking account of symmetry and of 
Equation [7] we get 


T = cos m6) form #0....... {11} 


T = Clog ~ form = 0 [12] 
0 


Taking account of Equations [8] and [9] and calculating 
Fourier coefficients we get for Case 1 


T = —| log—- + — | 
k 2 \ ro? + 17? 


— 
+ ( rol? + ) cos 66 ......... 


Taking account of Equations [8] and [10] we get for Case 2 


2 Qian, r— 
+ ( ) cox 


re + rit 
ni‘ r3 — ro To 
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F. G. Ery.'5 The authors’ ingenious use of thermocouples in 
the experimental equipment has contributed very materially to 
analysis and correlation of the data, and to their comprehension 
of what was taking place within the tubes. Similar application 
of this tool to the problems of operating furnaces can further ex- 
tend our knowledge of the many factors, not dealt with in the 
present tests, which influence the performance and safety of gen- 
erating tubes. 

During the past year, the writer’s company has covered some 
very interesting ground in that direction. A technique of ther- 
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Fic. 50 Log Piotr or TuBE TEMPERATURES REGISTERED BY Two 
THERMOCOUPLES OvER PERIOD oF 4 Days 


w 

2 

Qs 700} 

> 

S0o+— 


| 


Fie. 51 Derarts or ConsTRUCTION AND THERMOCOUPLE 
Positions 


mocouple installation, using chord-drilled holes in the tube wall for 
protection of lead wires, has resulted in a very satisfactory life of 
thermocouples, to the extent that there have been no casualties 
in a period of approximately 10 months to date. The couples 
referred to are planted in the surface of primary furnace-wall 
tubes of three slag-tap units and have been connected to record- 
ing potentiometers for the sake of obtaining a continuous record. 
Several excerpts from this record are shown in the accompanying 
illustrations. 

Fig. 50 represents a log plot of tube temperatures as registered 
by two thermocouples over a period of four consecutive days 
early in June, 1942. Location in the furnace is indicated in the 
thumbnail sketch as being in the furnace front wall, approxi- 
mately 3 ft above the floor, while the respective location of 


4% Analytical Engineer, The Babcock & Wilcox Company, New 
York, N. Y. Mem. A.S.M.E. 
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Fie. 52. Locations or THERMOCOUPLES IN SURFACE OF TUBE WALL 
burners is indicated by letters A, B, and C. The furnace-wall 
construction is principally of partial-stud type, having bare- 
tube surface exposed to radiant heat and gases. A small experi- 
mental area of stud plates and chrome ore had been applied to a 
portion of the front wall, as shown in dotted outline. Thermo- 
couple No. 4 was located in the bare-tube surface of the partial- 
stud construction, and thermocouple No. 2 was located under 
the stud plates of a closely adjacent tube. (Wall construction 
and thermocouple positions are indicated more in detail in Fig. 
51.) 

The temperature record indicates an abrupt rise of 165 deg 
for thermocouple No. 4, shortly before noon on June 3, 1942, 
with a more or less rapid decline in the course of 5 or 6 hr, followed 
by a further gradual decline to lower temperatures in a period of 
several days. ‘Throughout this time, thermocouple No. 2 re- 
corded a fairly uniform temperature, at a substantial margin 
above the saturation temperature corresponding to steam pres- 
sure, and showed a general responsiveness to changes in burner 
operation and other furnace conditions. It will be noted that the 
At values for the bare tube (thermocouple No. 4) are frequently 
lower than those of the tube with stud-plate covering (thermo- 
couple No. 2), and that its range of variation in At is much more 
extreme, 

Explanation of these characteristics is found in the behavior 
of slag which is deposited upon the wall surfaces exposed to the 
furnace. On the bare tube surfaces, a beaded or lacy structure of 
fused-slag droplets and streamers, which may change in pattern 
or be completely sloughed off in local areas, has been repeatedly 
observed for the type of fuel and rates of operation applying to 
this furnace, while on the stud-plate construction the slag coating 
is consistently thin and adherent over the surface of stud plates 
and refractory. 

Indication of the local effects of slag is shown in Fig. 51, where 
a repetition of the temperature record for June 3, 1942, has been 
plotted to an enlarged time scale. The record of an additional 
thermocouple, TC-3, is included in this plot, the couple having 
been installed in the same tube at a distance 2'/; in. above TC-4. 
A rise in temperature is noted during the hour preceding the 
abrupt rise of TC-4, and it may reasonably be inferred that 
creeping or peeling of the lacy slag coating had begun at the upper 
location, leaving that portion of the tube exposed to the full ef- 
fects of furnace radiation, before the lower position was affected. 

This record indicates the improbability that internal-film re- 
sistance played an important part in the rise of At for the tube. 
Occurrences of a similar nature have not been infrequent in the 


record, and cases have been noted where a rise of TC-4 preceded 
the rise of TC-3. This would seem to dispel any conjecture that, 
in the case of Fig. 51, a persistent internal steam film at TC-3 had 
gradually enlarged to the extent of influencing TC-4. 

Further interesting data on the effects of slag, and the changing 
distribution of temperature around the circumference of a fur- 
nace wall tube, are shown in Fig. 52 of this discussion. The dia- 
gram indicates locations of ten thermocouples planted in the sur- 
face of the tube wall, and observed temperature values are plotted 
against a developed scale of position, for intervals of time during 
a 7-hr period in which slag coating of the bare-tube surface had 
been displaced and gradually restored by normal processes in the 
pulverized-coal-fired furnace. Beginning with a moderate and 
uniform temperature differential at 9:00 a.m., there is indicated 
a rapid increase of 285 deg in At value at the exposed face of the 
tube by 10:00 a.m., when it was observed that slag coating had 
disappeared from this locality of the tube surface. The succeed- 
ing record shows a gradual return to “normal” conditions by 
4:00 p.m. 

One may hopefully expect that the accumulation of knowledge 
of this sort, in conjunction with and supplementary to the 
valuable contribution that the authors have made by their 
investigations, will ultimately lead to a solution of our major 
problems in designing for safety and performance of steam-gener- 
ating units. 


Max Jakos.'* One of the most interesting statements in this 
valuable paper is that in high-pressure boilers with forced circu- 
lation, the film resistance between the tubes and the boiling 
water is almost negligible compared with the resistance against 
thermal conduction through the tube wall. If this is true, then 

1 Research Professor of Mechanical Engineering, Illinois Insti- 
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the problem of heat transfer resolves into a study of heat conduc- 
tion. This will be the subject of the present discussion. 

Considering a cross section through the tubes (Fig. 53 of this 
discussion), the heat is assumed to arrive at a steady rate from 
the right side (furnace side). The left side (wall side) is supposed 
to be virtually insulated by the boiler wall. Only a moderate 
fraction of the heat input is due to convection. This may be dis- 
tributed rather equally on the outer surface of the tube except 
close to S, where convection will be very small. The main part 
of the heat energy arrives as radiation which first will be assumed 
to come from all directions of the furnace space with equal in- 
tensity. Then, in unit time, the surface element Lr,-dy is met by 
an amount of radiation, BwLr,-dp, where B is a constant, L is 
the tube length, and w is the solid angle which encompasses the 
incoming radiation. Neglecting the reflected radiation coming 
from the surface KM, it can be proved easily that w is propor- 
tional to the angle y formed by the tangents MP and NP. So 
the distribution of the arriving radiation can be calculated by 
trigonometry. The graduate student S. P. Kezios did this for 
the writer, and obtained the following result 


2 cos 1 


3r 
= — — arc sin 
(5 — 4 sin 


2 (5 — 4 sin ¢)'/# 


At ¢ = 0 the angle becomes yo = x. The ratio y/o plotted 
versus ¢ (in Fig. 54, curve I) shows the distribution of the in- 
coming radiation. It is peculiar that at ¢ = 0, the derivative 
dy/dg = 1 and not zero as might have been expected. 

If, instead from all sides, the radiation arrived parallel to OU, 
however, again homogeneous in intensity, then the time rate of 
heat, meeting the surface element mentioned, would be 


where Q is the heat energy arriving per hour and square foot of 
projected area. At ¢ = 0 


so that the distribution of radiation would be given by the ratio 
dgey/dqeo = cos ¢ (see Fig. 54, curve II). 
The difference between the two kinds of distribution is not 
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great. Considering that the influence of the convective heat in- 
put tends to flatten the peak of curve I, Fig. 54, and that in the 
experiments the test coils were placed just opposite to the oil 
burners, the subsequent calculations have been based on cosine 
distribution, according to curve II. It will further be assumed 
that the arriving heat QL2r, is absorbed at once. This would be 
exact if the surface were perfectly black. The change in distri- 
bution due to reflection will be neglected for the time being. The 
total amount of absorbed heat, however, will not be influenced 
by these assumptions because QL2r, will be taken as equal to the 
increase of enthalpy of the fluid per hour as measured calori- 
metrically by the authors. It is as though this energy rate were 
distributed to the tube wall by sources of heat decreasing in 
strength as cos from ¢ = Oto = 

The thermal conduction through the tube wall under the 
steady-state condition is governed by the partial differntial 
equation 


1 oft 1 o% 

ws 
where ¢ is the temperature at the radial distance r from the center 
line and the angular distance ¢ from the direction UO (see Fig. 
53). Prof. Hans Reissner kindly advised the writer that, for 
a complete circular ring by means of Fourier series in a relatively 


simple manner, the following solution of the differential equation 
is obtained 


t—t, = Aolnr + > (A,r"+ B,r™”) cosng .. . [19] 


n=1 
The boundary conditions are 
t forr =r, 
and 
ot 
—=® forr=r, 
or 


where # is an arbitrary function of ¢, which will be prescribed by 
the Equations [20] and [21], and ¢; is the temperature of the 
inner surface of the tube. This is slightly above the saturation 
temperature t, and is assumed to be constant. Actually ¢ will 
change somewhat with ¢, but this may be neglected in the cal- 
culation. 

The coefficients of Equation [19] are 


/2 
xr Jo 


Bo = —(In 7%,)Ao 


2 
= -d 
An 


B. = —r2"A,, 


Heat can enter the tube only in a direction perpendicular to the 
external surface; a heat flow in the tangential direction is here 
impossible because there is no cross-sectional area through which 
heat could flow under the effect of tangential temperature dif- 
ferences. Only when the heat has entered the solid body it may 
flow in any direction. For the boundary r = r, the basic law of 
heat conduction combined with Equation [16] yields 


ot 
= QLr, cos ¢ de = kLr,: de - ( ) 
or r=Te 
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(3) 
Or] r=re 


This holds from ¢ = 0 to x/2, whereas in the range from ¢ 
x/2 to x, according to our assumption 


Integration of Equation [16] leads to 
qeop = QLr, sin ¢ 


where @ey is the time rate of heat entering the surface between 
¢ = Oand ¢g = ¢. This equation holds only for the quadrant 
OPS. 

In the range from ¢ = 1/2 to x no heat is added to the maxi- 
mum value obtained from Equation [22]. Hence for the quad- 
rant SU 


If, as supposed, the temperature t,; of the inside surface of the 
tube is independent of ¢ the heat-flow lines will end in the radial 
direction at r = r,;. Therefore 


fa) 
dqiy = kLr,- de - (2 


Substituting ¢ from Equation [19] and performing the differen- 
tiation 


A 
dgiy = kLri E + > n(A,7,""' — | dy. . [25] 


n=1 


But from Equations [19] and [20] 


ot f cos de = — 
J0 k kr 


Hence by substitution and integration 


Vig = kLr; E > — ne | [27] 
kr; 


n=1 


where q,¢ is the rate of heat given up inside between ¢ = 0 and 
= ¢. 

In the limits ¢ = 0 and ¢ = x Equation [27] yields 2q¢; = 
2QLr, which is identical with the total heat delivered to the 
tube from outside. 

Denoting by to the temperature at the point O(r = r,, ¢ = 
0), a temperature ratio for arbitrary co-ordinates r and ¢ may 
be defined by 


The values of ¥ vary from 0 (fort = ¢,) to 1 (fort = t). 

The numerical calculation showed that the series in Equation 
[19] converges quite well. It was sufficient to evaluate the terms 
forn = 1, 2, 4, and 6, those for n = 3, 5, and 7 becoming equal 
to zero. 

For the case of r,/r; = 1.5, the calculation gave the tempera- 
ture distribution shown in Fig. 55 of this discussion. This figure 
Contains isothermal lines for ¥ = 1, 0.8, 0.6, 0.4, 0.2, 0.1, 0.01 
and 0. Further, heat-flow lines are drawn from the points a, }, 


a tt.) 


ISOTHERMAL AND FLow LINES 


d, e, f, g, and h on the outside surface to j, k, l, m, n, p, g, u on the 
inside surface, respectively. Each of the first four channels, be- 
ginning with the symmetry line aj, carries '/; of the total heat 
flow, the channel between e n and f p carries '/1 of the heat flow, 
each of the two last channels carries 1/:9. 

The points a, b, ¢ ... were determined by means of Equation 
[22] the points j, k, 1 ... from Equation [27]. 

From Fig. 55, it is seen that, immediately below the external 
tube surface, the heat does not flow in a radial direction any more. 
Obviously, a bend occurs at an infinitely short radial distance 
from the surface. Since the circumference of the tube is not an 
isothermal line, the heat flow inside cannot proceed in a radial 
direction as mentioned. 

It is further seen that about 96 per cent of the incoming heat is 
received in the range ¢ = 0 to g = 74 deg at the outside and is 
given up inside in the first quadrant (¢ = 0 to g = 90 deg), and 
only 4 per cent in the rear quadrant. The temperature difference 
(t, — t;) at ¢ = x/2 is about 12 per cent of t-o — t; (at ¢ = 0). 

The authors measured only values of the temperature te, and 
represented the difference At = (t-o—1t,.) for all tests in their Table 
2 and Fig. 20 as dependent upon Q. By means of Equation [19] 
of this discussion, the writer has calculated the difference 0.0 = 
(too — ti) which should not differ much from At. Because all 
terms of this equation have # as a factor and # is proportional to 
Q/k, the result is directly proportional to the measured value Q 
and conversely to the thermal conductivity k of the steel. 

J. W. Donaldson’’ has measured the conductivity of a similar 
steel as used by the authors, namely, a sample with 0.26 per cent 
carbon, forged and normalized at 1650 F. The result was k = 
32.4 B hr! ft~! F-! at 212 F and k = 31 at 750 F. The average 
tube temperature in the authors’ tests was between about 500 
and 700 F; therefore, the value k = 31.4 B hr~! ft~' F-' has 
been used for the calculation. 

For ¢ = 0 Equation [19] becomes 


000 = ta — = C1Q 


where C; is an individual constant for each type of tubing, ex- 
pressed by 


17 “The Thermal Conductivity of Wrought Iron, Steel, Malleable 
Cast Iron and Cast Iron,” by J. W. Donaldson, Journal of the Iren 
and Steel Institute, vol. 128, 1933, pp. 255-274. 
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TABLE 8 OBSERVED AND CALCULATED FACTORS OF PRO- 
PORTIONALITY C IN B=! HR FT? F 


Coil Qre 
no. in. in. 103C 10°C; 10°C: 10°C3 10°C, 
2 0.75 0.5 0.333 O.385 0.366 0.302 0.286 
3 0.75 0.5 0.333 0.385 0.366 0.314 0.301 
4 1.5 1.0 0.64 0.77 0.73 0.60 0.56 
5 2.75 1.75 1.29 1.55 1.47 1.22 1.15 
6 1.25 0.92 0.427 0.494 0.469 0.418 0.404 
Straight 
tube 1.25 0.92 0.626 0.494 
T, 
= xX 


and X is a function of r;/r, as the only parameter. 

This corresponds to the authors’ representation of Ai as a 
function of Q by straight lines (Fig. 20 of the paper), which may 
be expressed by the equation 


In the paper, such straight lines are given for the coils Nos. 2 
to 6 and for the straight tube. In Table 8 of this discussion, the 
values of Co for these cases are compared with the values of C; de- 
termined theoretically by means of Equations [29] and [19]. 

The theoretical values C; for the coils are 15 to 25 per cent, as 
an average 19 per cent, higher than the observed values (Co. 
Since the individual tests differ up to +20 per cent and even more 
from the straight lines of Fig. 20 of the paper, the agreement be- 
tween C, and Cy might be considered as satisfactory. However, 
two items have been neglected so far, the consideration of which 
will change the picture considerably. 

A part of the systematic deviation is due to the reflection of the 
radiation and can be found in the following way: 

The tubes are not perfectly black, but have an absorptivity a. 
Hence, according to Equation [16] of this discussion, a surface 
element of tube A at angle ¢ (Fig. 53) reflects the amount 


dq, = (1 — a)QLr, cos ¢. de 


The following part of this hits the surface of the neighboring 
tube convolution B 


r— 


de 


dqz = 


But, according to Fig. 54, approximately 


- = Cos ¢ 
Substituting this 
= (1— a)QLr,(1— cos ¢) cosy: dg........ [31] 


Integrating in the limits ¢ = 0 and ¢ = x/2, the reflected radia- 
tion which hits the tube B becomes 


(1-3) (1 — a@)QLr, ............. [82] 


The absorptivity of the tubes can be estimated to be a = 0.7. 
Then gg = 0.0644 QLr, is obtained. This means that 6.4 per 
cent of the heat which arrives in the quadrant ¢ = 0 to ¢ = 
x/2 will be reflected. Of this, 30 per cent will be re-reflected, 
partly into the furnace space, and partly to tube A. So it can be 
estimated that 5 per cent of the primary radiation which meets A 
will eventually be absorbed by B, and the same amount will be 
reflected by B and absorbed by A. None of this reflected radia- 
tion meets the surface at O. Thus, about 5 per cent of the furnace 
radiation is selectively absorbed between the angles ¢ = — x/2 
and + 7/2, and only 0.95 Q instead of Q should be used in calcu- 
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lating the temperature excess 00 = (tee — t;) at the point O. Bas- 
ing the comparison on the values Q, given by the authors, C; = 
0.95 C; would have to be used for C; in Equation [29]. The cor- 
rected values C2, given in the sixth column of Table 8, are still 11 
per cent, as an average, greater than the observed values of Co. 

The second item neglected in the calculation is the absorption 
of heat by the not-shielded parts of the coil surface. Inour theory 
it has been assumed that each turn of the coil A is shielded against 
radiation from the sides, by neighboring turns B and C. How- 
ever, the inner and outer convolutions of the coil were exposed to 
radiation at one side, and the straight end section of the coil was 
exposed on both sides. 

Considering tube B in Fig. 53 of this discussion, as exposed 
along SX YZ, the section YZ may receive less heat than the sec- 
tion SX. Section XY, however, will receive more than SX, and 
at all events, two quadrants on each exposed side will receive con- 
siderably more radiation than supposed in the theory. 

In order to take care of this lack of shielding, the writer esti- 
mates that to the angle of exposure + on which the theory is 
based at least */s x must be added for the lengths of the inner and 
outer turns, and %/, x for the end lengths. Using the numerical 
values of these lengths given by the authors, the calorimetrically 
measured values of Q had to be reduced for the calculation of 
6-0 from Equation [19] so that Co would become greater. Again, 
instead of this, the authors’ values of Q have been retained as a 
basis of comparison, and therefore the values C; of Table 8 have 
been diminished correspondingly. In this way the values C; of 
Table 8 of this discussion have been found. By adding x/2 and z, 
respectively, to x, instead of and */, x, the values C, of the 
table were obtained. The fact that the observed value Co for the 
straight tube is much higher than that for the same type of tubing 
used for coil No. 6, and higher than the calculated values of C;, is 
partly or entirely caused by the opposite of a shielding effect. 
Two colder tubes neighbored the test tube so that heat was lost 
from the section SU of tube A (see Fig. 53) to section SZ of tube B, 
and more heat was lost from OS to SX than in the case of a coiled 
and shielded tube. 

Therefore in this case an addition to the value of C; would be 
necessary for calculating 60 from Equation [29], using the au- 
thors’ values of Q. 

The values of C; and C, for the coils are smaller than the ob- 
served values Co, as an average 6 and 10 per cent, respectively. 
It will be shown that these differences are not due to a deficiency 
of the theory, but to the film resistance at the inner tube wall. 

A surface element at the inside of the tube receives from the 
wall and gives up to the liquid the following rate of heat 


ot 
dig = kLr, - dg higLr; (t; — t,) 
ren 
where /yy is the local film coefficient of heat transfer on the inside 
at the angle ¢. Hence 
k(Ot/Or)r 
ly 


According to Equation [25] 


n= 
or r=rj 
n=1 


The temperature difference between the inner surface and the 
boiling liquid, on the other hand, can be expressed by 
Co— Cy 


t; —t, = -At............... [35] 
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Here it is assumed that Co is based on exact measurements and 
C, is the theoretical value, reduced exactly from C, in the indi- 
cated way. 

For r,/r; = 1.5 and ¢ = 0, one obtains from Equations [33] to 
[35] 


and, using Equation [30] 
1.5(2.906) 


hio = 


For coil No. 4, according to Table 8, (Co — Cy) = 0.08 (1073) 
so that hio = 17,300 B hr-! ft~? 

This is an enormously high coefficient of heat transfer. If C; 
instead of Cy, were assumed as exact, one would obtain hip = 
34,600. Such high values have been observed so far only on the 
surface of steam bubbles at atmospheric pressure immediately 
after their formation'® when they still adhere on the heating sur- 
face and are very small. The size at which bubbles leave the 
surface decreases with increasing pressure, and the wiping effect of 
forced convection acts in the same sense, namely, reducing the 
temperature difference (t; — ¢,). Therefore; extremely high local 
coefficients may actually occur in foreed-circulation high-pres- 
sure boilers. 

It is more usual to consider mean coefficients. For any range, 
¢ = Oto¢g = ¢,a mean coefficient hm, can be calculated by means 
of the equation 


fot 
dip = kLr; f (2) de = hmeLrio(t; — t,) 
0 Or] rer 


dig k 
h = - d 


dig may be calculated from Equation [27], and (¢; — ¢,) substi- 
tuted from Equation [35].!9 
For r,/r; = 1.5 and ¢ = /2, Equations [36] and [30] lead to 


Q Co 1.5(1.922) 1.5(1.922) 
At Cy — C, r(Cyo — Cy) 

In the case of coil No. 4 this becomes hm,e/2 = 11,450 B hr7! 
ft-? F-1, whereas using C;, 22,900 B hr~! ft~? F~! would be ob- 
tained. 

Finally, relating the film coefficient to the entire inside sur- 
1.5 

11,940 B hr~! ft~? are obtained. 

Values of this order of magnitude are in agreement with what 
the authors expected, saying: “Rough estimates indicate that 
the coefficients from metal to boiling fluid can exceed 5000 Btu 
per hr per sq ft of inside projected area per deg.” 

So, the present analysis has shown that the authors are correct 
in their claim that the heat conduction in the tube wall is essen- 
tial for the heat transmission. However, it is seen that a tempera- 
ture drop (t; — t,) of about 10 per cent of At, as an average, oc- 
curs at the inside wall. The analysis has further revealed that 
almost the entire heat energy absorbed by the outer front side of 


8 “Heat Transfer in Evaporation and Condensation,’”’ by M. Jakob, 
Mechanical Engineering, vol. 58, 1936, pp. 643 and 729. 

Since & > t, the assumption that ¢ is constant all around the 
tube may not hold any more. However, the vehement heat transfer 
on the front side goes along with a great transfer coefficient, and the 
small heat transfer on the rear with a low coefficient so that the as- 
sumption (t; — t,) =const will not be far from reality, 


face hm» = 


= 5970 B ft~? or adopting C,, ° 
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the tube remains in the range of angles ¢ = —7x/2 to + +/2 and 
is given up to the liquid in this range. So, the rear side of the 
tube is not engaged at all in the heat transfer; it acts solely as 
heat protection to the furnace wall. Therefore the local heat- 
transfer coefficient on the front side of the inner surface will be 
several times as great as the mean coefficient related to the entire 
inner surface of the tube. The exceedingly strong formation of 
steam bubbles at the front side will cause vehement radial and 
rotational movements of the mixture in the liquid cross section, 
and these, in combination with the axial and centrifugal motion 
in the coil, cause the surprisingly high local heat transfer which 
the analysis has shown. 

Reasons for the lesser transfer in the straight tube are seen in 
the cooling by the adjacent tubes and in the missing of one of the 
factors, mentioned, namely, the centrifugal effect of the coils. 


C. F. Kayan.*° With unequal distribution of radiant heat on 
the tube surface exposed within the furnace, the question of the 
temperature distribution through the tube material assumes an 
important aspect. Just how maximum values of heat rate are 
damped out in transmission through the metal, and how the ef- 
fect is influenced by values of conductivity (itself a function of 
temperature) and of surface conductances, can be studied only 
with difficulty by direct thermal experimental means. 

Some approach of course is possible through mathematical 
analysis. But perhaps more readily is a solution possible by 
means of various electrical analogies, and particularly so under 
unsteady or transient conditions, where thermal resistance and 
heat storage are replaced by electrical resistance and capacitance, 
respectively. 

On the basis of some accepted heat distribution over the out- 
side surface, we can visualize setting up the problem by analogy 
and producing isothermals for the tube metal, whereby the condi- 
tions throughout may be studied with considerable convenience. 
When transient conditions are particularly involved, then the full 
value of the resistance-capacitance method may be realized and 
temperatures studied as a function of time. 

The same type of studies can be applied to other portions of the 
boiler structure, including, for example, the thermal behavior of 
heavy drum shells under changing conditions, as well as of the 
boiler refractory sections. 


Henry Kreisincer.*! This discussion relates to Fig. 30 of 
the paper, and particularly to the expression “indicative of steam- 
blanketing.”’ It seems that the expression is not descriptive of 
the process taking place at the inside surface of the tube. The 
lower graph of the figure shows the temperature of the furnace- 
side surface of the tube above the temperature ot the saturated 
liquid. At an elevation of 18 to 20 ft from the lower end of the 
tube, the temperature reached about 270 F, whereas at other ele- 
vations it was 30 to 70 F. The high temperature is attributed to 
steam-blanketing. The usual meaning of “steam-blanketing” 
seems inaccurate in this case. The term has been applied to the 
condition taking place inside of a nearly horizontal tube heated 
from above in natural-circulation boiler. It was reasoned that 
steam being much lighter than water segregates at the top por- 
tion of the surface inside of the tube and forms a layer or a 
blanket between the heated surface and the water. 

On the test represented by Fig. 30, a mixture of water and 
steam was forced through a vertical furnace-wall tube at the rate 
of 99 psf of cross section per sec. Initially, the mixture contained 


2 Department of Mechanical Engineering, Columbia University, 
New York, N. Y. ‘Mem. A.S.M.E. 

21 Engineer in Charge of Research and Development, Combustion 
Engineering Company, Inc., New York, N. Y. Mem. A.S.M.E. 
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18 per cent of steam by weight which is nearly 62 per cent by 
volume. At the elevation where the high tube temperature was 
observed, the mixture contained about 40 per cent of steam by 
weight or about 83 per cent by volume. At the top end of the 
tube there was 70 per cent of steam by weight, which is close to 
94 per cent by volume. These proportions of the mixture repre- 
sent the average of the cross section of the tube; near the surface 
facing the furnace the proportion of steam was undoubtedly 
higher. The average velocity of the mixture at the three sections 
was approximately 5.5, 9, and 13.5 fps, respectively. If the term 
“steam-blanketing” can be applied to a mixture containing an 
average of 83 per cent of steam by volume, and moving with a 
velocity of 9 fps, it should be applicable to a section higher up 
where the steam is 90 per cent by volume and the velocity 12 
fps, and where the tube temperature was not high. 

The tests on the straight tube were made under conditions 
which differed in two important respects from the tests made on 
coils. The straight tube was located in a pulverized-coal-fired 
boiler and extended the full height of the furnace. The rate of 
heat transfer varied with the height, being highest 18 to 20 ft 
from the lower end, where the burners were located, and lowest 
at the top of the furnace farthest away from the burner zone. 
The heat transfer was also affected by the thickness of ash layer 
deposited on the tube by the burning of pulverized coal. On the 
other hand, the coiled tubes covered a comparatively small area 
on the rear wall of an oil-fired furnace, and the heat transfer was 
nearly uniform over the entire heating surface of the coil and was 
not affected by slag. The high tube temperature in the tests, 
shown in Fig. 30, was very likely due to a high rate of heat trans- 
fer caused by the close proximity of burners and temporary re- 
moval of the ash layer at that point. 

Fig. 56 of this discussion shows the rate ot heat transfer by fur- 
nace walls at four elevations in a dry-bottom tangentially-fired 
pulverized-coal furnace. The data for this figure were obtained 
by installing on one furnace wall four short elements, connected 
separately to the water supply, and measuring the quantity of 
water and its temperature rise. One set of measurements was 
made before and the other soon after lancing the furnace walls. 
The four points of each group are connected by straight lines in a 
similar way as the temperature points in Fig. 30 of the paper. 
Before lancing, the rate of heat transfer was about twice as high 
in the burner zone as it was in the top of the furnace. After lanc- 
ing, the heat transfer in the burner zone was increased about 
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50 per cent and was about 3 times as high as it was at the top of 
the furnace. 

Fig. 57 of this discussion shows the effect of lancing on the 
temperature of furnace-wall tubes. The data for this figure were 
obtained in a slagging-bottom tangentially-fired pulverized-coal 
furnace. The graph shows the temperature indicated by one 
of twelve thermocouples embedded in the furnace-side surface 
of a furnace wall tube 3 in. OD with '°/\,-in-wide fins. The couple 
was located 13'/. ft from the bottom of the furnace in line with 
the top of the burners. The walls were lanced through doors at 
an elevation of 14'/: ft from the bottom of the furnace so that the 
wall area where the couple was located received a thorough de- 
slagging during each lancing period. The lancing was done with a 
mixture of compressed air and water. 

Before lancing, the temperature of the furnace-side surface of 
the tube was 648 F, about 63 F above the temperature of satu- 
rated steam. The tube temperature dropped to 627 F during a 
part of the lancing period and rose to 781 F, or about 196 F above 
saturated-steam temperature, immediately after lancing. The 
temperature drop during the lancing was probably due to the 
cooling action of the mixture of air and water used for lancing. 
The temperature rise was due to the greatly increased rate of heat 
transfer of the deslagged tube. After lancing, the temperature 
gradually dropped due to deposition of ash and reached the origi- 
nal temperature about 6 hr after lancing. Similar temperature 
variation occurred with each lancing period. It should be noted 
that Fig. 57 is plotted on a time basis, whereas Fig. 30 of the 
paper is plotted on a length-of-tube basis. 

The straight tube in Fig. 30 of the paper was in the furnace 
about a week and during that period was probably covered with 
ash and cleaned a number of times. The temperature rise indi- 
cated by couple 11 might have been due to increased heat trans- 
fer after lancing, or the ash might have dropped off by itself. 
The graph Q, Fig. 30, should have a shape similar to those of 
Fig. 56, instead of the gentle slope shown. There is no doubt that 
the rate of heat transfer in the burner zone was much higher than 
it was in the lower part and in the upper part of the furnace. 

When the percentage of steam by volume in the mixture is 
high, as it was in the test, Fig. 30, an appreciable quantity of 
heat may be absorbed by the steam by temporary low super- 
heating, because the specific heat of steam near the saturated 
condition is high. At the point of high tube temperature, the 
mixture contained an average of 84 per cent steam by volume. 
The percentage of steam next to the heated surface must have 
been considerably higher, because the steam made must be moved 
away from the surface into the stream of the mixture. This 
lateral movement of the steam is produced to some extent by the ex- 
pansion of the steam, but mostly by the turbulence due to the 
axial velocity. As the superheated steam enters the body of 
the stream of the mixture, it imparts the heat to the water in the 
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mixture and loses its superheat. The heat transfer constantly 
tends to increase the percentage of steam at the heating surface, 
and the turbulence constantly tends to equalize the mixture over 
the entire section of the tube. However, the equalization always 
lags behind; the lag is large with slow axial velocity and small 
with high velocity. 

Furthermore, the mixture of high percentage of steam at the 
heated surface is not replaced with water but with a mixture of 
lower steam percentage. There is therefore always a considera- 
ble percentage of steam at the heated surface which is greater 
than the average of the cross section. At the point of high tube- 
metal temperature there was probably not less than 90 per cent 
of steam against the heated surface. Water will absorb heat from 
the heated surface with a comparatively small temperature dif- 
ference; but the steam, due to its lower heat capacity, requires a 
much higher temperature difference to transmit the heat. There 
is therefore a tendency for the tube temperature to rise where 
steam is in contact with the tube. With an increased rate of 
heat transfer, this rise of tube temperature is more than propor- 
tional to the increase in rate, since more heat must be transmitted 
to a greater percentage of steam in contact with the tube, because 
of the lag in the equalization of the mixture. 

In the case of the straight tube, the flow of the mixture through 
the tube was somewhat streamlined and there was less turbulence 
to remove the steam from the heated surface than was the case 
with the coiled tube where the continuous turning of the flow 
broke the streamlining. This less intense turbulence in the 
straight tube would account for the greater temperature dif- 
ference (At), shown in Fig. 20(b) of the paper. For the same 
rate of heat transfer At is about 30 per cent greater with the 
straight tube than it is for the coil. This greater value of At is 
undoubtedly due to the higher resistance to the flow of heat from 
the metal into the body of the mixture. The paper refers to this 
resistance as the “interface resistance.” 


V. Pascukis.2?_ Electrical models for the analysis of heat flow 
have been in use for a considerable length of time. Langmuir** 
was one of the first to describe and recommend them. Most 
models are based on geometrical similarity between a body sub- 
jected to a temperature field and a body subjected to an electrical] 
potential. 

A second type of analysis by means of electrical analogy is 
available. It is based on the replacement of differential equations 
by equations of finite differences, which are represented by 
“lumped” electrical circuits. 

The heat (and mass) flow analyzer, which the writer wants to 
mention here, was first devised by a Dutch engineer, C. L. Beuken, 
and introduced to this country in extended and developed form 
by the writer. 

In order to apply the method, the body which is to be investi- 
gated is visualized as cut into sections. A boiler tube might, e.g., 
be divided as in Fig. 58 of this discussion. The heat flow in each 
section is then represented by two resistors according to the two 
directions of heat flow. If transient conditions are to be consid- 
ered, an electrical condenser is placed in the center of each sec- 
tion. The method has been previously described more fully.** 

While the basic problem has been solved by analysis, and by 
the numerical method, a number of considerations seem to make 
the electrical-analogy method worth considering. 

* Research Associate, Department of Mechanical Engineering, 
Research Laboratories, Columbia University, New York, N. Y. 

3 “Flow of Heat Through Furnace Walls,” by I. Langmuir, E. Q. 


Adams, and F. S. Meikle, Trans. American Electrochemical Society, 
vol. 24, 1913, pp. 53-84. 

“A Method for Determining Unsteady-State Heat Transfer by 
Means of an Electrical Analogy,” by Victor Paschkis and H. D. 
Baker, Trans, A.S.M.E., vol. 64, 1942, pp. 105-110. 


HEAT TRANSMISSION THROUGH BOILER TUBING 


Pic. 58 Schematic DiaGRAM OF TUBE AND SECTIONS 


(The thickness of the tube is divided in a number of sections, namely, three 
in the example. The circumference is also divided into a number of sec- 
tions, namely, twelve in the example. Two sets of resistors are used, 
namely, one for radial heat flow, and one for heat flow in the circumference. 
In the illustration only a few resistors are shown. At the intersection of 
radial and circumferential resistors, a condenser can be applied to represent 
the thermal capacity. [To be used only, if transient phenomena are to be 
studied.}] On the outside surface, additional resistors, shown as Ry in the 
illustration, represent the outside-film resistance [including radiation and 
convection }. hey can be changed during the experiment to represent 
faithfully the film resistance at the temperatures prevailing at the respective 
part. Where necessary, additional resistors Rs can be introduced to represent 
the thermal resistance S of a layer of scale. In case of local formation of 
scale, such resistors are only applied at the parts of the circuit, representing 
the places where scale occurs.) 


In the discussion, the influence of slag deposit has been men- 
tioned repeatedly. Local or uniform slag deposit can be readily 
represented on the analyzer by just adding a resistor (see Fig. 
58). 

It has been assumed that the inside temperature is constant 
all over the circumference. It is very easy to drop that assump- 
tion on the analyzer. i 

The formation of bubbles will result in a local difference of 
inside-film conductance. 

The thermal conductivity of steel may change or be different 
at various parts of the wall. 

Various loads are to be considered; possibly also, the sudden 
change of load would be of interest. 

All these factors can be readily examined on the analyzer. 


W.S. Parrerson.”® The heat absorption by the boiler tubing 
used in the experiments conducted by the authors was determined 
by measuring the initial and final conditions of the fluid cireu- 
lated through the tubes. The heat quantity so determined was 
then divided by the heating surface of the tubes, in order to ar- 
rive at a heat-absorption rate per square foot of surface, which 
was then tabulated as Q and used in some of the charts and equa- 
tions for the purpose of correlation. It is the method of evaluating 
this heating surface which the writer desires to discuss. 

One of the most important determinations when dealing with 
radiant absorption, and especially when making comparisons in- 
volving different tube arrangements, is the effective radiant- 
heating surface. The authors used the projected outside surface 
of the tubes without any regard to the fact that arrangements 
were not identical. For example, those portions of the tube coil 
constituting the inner and outer convolutions and the straight 
section should be treated in an entirely different manner from that 
portion constituting the intermediate convolutions. It could 
be considered proper to evaluate the surface of the latter and of 
the “straight tube” in the manner used by the authors, but the 
other portions of the coils were exposed to radiation from the re- 
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TABLE 9 EFFECT OF SPACING ON EFFECTIVE RADIANT SUR- 
FACE OF TUBE 


Outside diameter of tube D, in..... 1.25 
Total tube surface, sq in. perft.... 47.1 
Projected tube surface, sq in. perft 15 
1.25 2.5 5.0 7.5 8.75 
Wall area covered, sq in. per ft tube 

15 30 60 90 105 
Wall-area evaluation factor (Hot- 

1.0 0.89 0.59 0.44 0.382 
Effective radiant surface, sq in. per 

15 26.7 35.4 39.6 39.9 
Effective radiant surface/projected 

1.0 1.78 2.36 2.64 2.66 
Effective radiant surface/total tube 

0.319 0.567 0.752 0.841 0.848 


TABLE 10 EFFECT OF REFLECTED RADIATION ON EFFECTIVE 
SURFACE OF COIL NO. 64 


A-B B-C C-D D-E 
3.7 38.5 8.8 2.3 
Projected surface, sq ft.......... 0.385 4.01 0.917 0.240 
Total projected surface, sq ft... . 5.55 
Shielded projected surface...... 0.1925 4.01 0.4585 none 
Effective surface of unshielded 


Effective radiant surface, sqft... 0.7045 4.01 1.6785 0.639 


Total effective radiant surface, sq 


«Refer to Table 1 and Fig. 5 of the paper. 


fractory wall in which the coils were mounted, and this must be 
allowed for in evaluating the surface. 

H. C. Hottel has shown? that, when a row of tubes is backed 
by a refractory wall, the effective surface of the tubes is not equal 
to the projected outside surface of the tubes except when the 
center-to-center spacing is equal to the tube diameter. When the 
tubes are spaced apart so that heat can pass through to the re- 
fractory and be reradiated to the back of the tubes, the effective 
surface of the arrangement is much greater than the projected 
tube surface and approaches the full tube surface as the tubes are 
spaced farther and farther apart. To illustrate these relation- 
ships, Table 9 of this discussion has been prepared. This is 
based on a 1!/,-in-OD tube, because the writer proposes to show 
that by proper evaluation of heating surface a much better cor- 
relation for coil No. 6 and the “straight tube” could have ‘been 
obtained. 

It is shown in Table 9 that, when a 1!/,-in. tube has as much as 
3 or 4 in. of refractory to each side and is not imbedded in the 
refractory, the effective radiant surface will be 2.66 times the 
projected outside tube surface. Therefore in evaluating certain 
portions of the coil surface, the authors used too-low values for 
heating surface because a factor at least as high as the value 
2.66 should have been applied to one half the projected surface 
of the inner and outer convolutions of the coils and to the entire 
projected surface of the straight section. Table 10 of this dis- 
cussion shows these corrections applied to coil No. 6, with the 
final result that the effective heating surface is 27 per cent greater 
than the projected surface calculated by the authors. 

The “straight tube,” which is compared with coil No. 6 in Fig. 20 
(b) of the paper, requires no such surface correction, and there- 
fore correction of the coil surface to a higher value would de- 
crease the value of Q, Btu per sq ft per hr, for the coil, while leav- 
ing the values for the straight tube as already calculated. The 
data points for the coil, if thus corrected, will therefore move to 
the left and fall in much better alignment with the data for the 
straight tube. 

Even with the foregoing correction, the data for the No. 6 coil 
will not coincide exactly with the data for the straight tube. 
This might be attributed to the fact that, in addition to the re- 
flected radiation which reaches the coil and is accounted for as 
noted, there is considerable radiation from the hot refractory to 


2 ‘‘Heat Transmission,’ by W. H. McAdams, first edition, sponsored 
by the Committee on Heat Transmission, National Research Council, 
McGraw-Hil] Book Company, Inc., New York, N. Y., 1933, Fig. 17. 
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the back of even the shaded coils. This would not be the case if 
the coils had covered the entire wall area; but with the arrange- 
ment used, it would certainly seem logical to increase the effective 
radiant surface of the coils even more than indicated in Table 10, 
and this would bring the data for the No. 6 coil in very good agree- 
ment with the data for the straight tube. 

Calculations similar to those outlined in Tables 9 and 10 of 
this discussion can be used for correcting the projected surface 
of the other coils to the “effective” radiant-surface basis. These 
calculations will show that the effective surface of the coils is 
greater than the projected surface used by the authors by the 
following amounts: coil No. 1, 94 per cent; coil No. 2, 46 per 
cent; coil No. 3, 36 per cent; coil No. 4, 50 per cent, and coil No. 
5, 46 per cent. Each tabulated value of Q would therefore be 
decreased according to the magnitude of the increase in surface. 

In the writer’s opinion, the use by the authors of an arbitrary 
surface for each of the coils was unfortunate when a simple means 
was available for rational evaluation of the effective surface of the 
inner and outer convolutions of the coils. The use of effective 
surface would have helped to explain not only some of the dif- 
ferences noted between the “straight tube” and coil No. 6, but 
also would have had an effect on the correlation of data for the 
other coils, since it will be noted that the percentage correction on 
surface is different for each coil. 


E. P. Parrripge.?” The writer wishes to consider particularly 
the evidence that a condition of “‘film-boiling’”’ may be established 
in a vertical waterwall tube. Eighteen years ago, Pridgeon and 
Badger,” discussing some unexpected trends in data from an ex- 
perimental evaporator, asked the question: ‘Does this indicate 
a film so thin and a rate of steam formation so high that the tube 
begins to be insulated by a film of steam?’ Only 5 years ago, 
Drew and Mueller?® demonstrated the existence of film-boiling 
in a series of experiments with seven organic liquids, also sum- 
marizing pertinent scattered data from as far back as 1888. 
Their photographs and those of Sauer and his associates*® are 
visual proof that, when an effort is made to increase progressively 
the heat flow from a metal surface to a boiling liquid, the surface 
will ultimately become blanketed with a continuous film of vapor. 

In the experiments of Drew and Mueller, Sauer and his asso- 
ciates, Rhodes and Bridges,*! and Akin and McAdams, on film- 
boiling, heat was supplied internally to a pipe wall from con- 
densing steam or hot mercury. The liquid under investigation 
was outside the pipe, and the rate of heat transfer was studied as 
a function of the temperature difference from the tube wall to the 
boiling liquid. As this temperature difference was increased 
progressively, the rate of heat transfer first increased, then leveled 
off at a maximum, and finally decreased. In a typical experiment 
with a nickel-plated copper tube boiling water at atmospheric 
pressure, Akin and McAdams found a maximum rate of heat 
transfer of 370,000 Btu per sq ft per hr, when the temperature 
drop from the tube surface to the boiling water was 42 F. Dou- 
bling the temperature difference to 85 F cut the rate of heat trans- 
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fer to 52,000, in the neighborhood of one seventh of the maximum. 

In these experiments, the temperature difference determined 
the heat transfer; in the waterwall of a boiler, however, the inde- 
pendent and dependent variables are reversed. As the furnace 
radiates heat to a tube, the temperature drop from the tube wall 
to the water boiling within the tube automatically must adjust 
itself to drive the heat on into the water at the rate it is being re- 
ceived. Any increase in the resistance to the flow of heat away 
from the metal into the water must accordingly be reflected in an 
increase in the temperature of the tube wall. This situation 
parallels the experimental arrangement of Mosciki and Broder, 
and of Nukiyama, quoted by Drew and Mueller, who employed 
electrically heated wires immersed in the liquid. These earlier 
investigators found that, when the temperature drop from the 
wire to the boiling liquid had been progressively increased, a 
further relatively slight increase in power input would finally 
cause such an increase in the temperature of the wire that it fre- 
quently would melt. 

The possibility that the temperature of a vertical boiler tube 
might reach excessive levels as a result of film boiling was con- 
sidered during the study of steam-blanketing of inclined tubes 
reported 3 years ago by Partridge and Hall** but was dismissed 
because it seemed improbable that the local rate of heat input at 
the “hottest”? portion of a wall tube would cause a continuous 
film of vapor to develop. Today, as a result of the full-scale 
studies reported in this paper, the improbable becomes real. 
Film-boiling must be considered as the probable cause of failure 
in those cases where wall tubes substantially free of scale and 
sludge show damage by overheating in the region exposed to the 
greatest radiation. 

As a form of steam-blanketing, film-boiling may lead to any of 
the types of damage previously described with reference to in- 
clined tubes.** The internal surface along the side toward the 
furnace may be grooved or deeply pitted by the reaction of the 
water and steam to oxidize the hot steel to black magnetic iron 
oxide and the removal of this oxide by mechanical action or 
chemical attack; the tube may suddenly blister and draw out to 
a thin-edged rupture; or, as a result of a repeated cycle, of es- 
tablishment of a vapor film with consequent overheating fol- 
lowed by collapse of the film with resultant quenching by the rela- 
tively cool water, the tube may fail with a brittle thick-edged 
fracture of the type so well discussed by Calvert** in connection 
with marine boilers. 

Only slight changes in the rate at which water was supplied to 
the vertical wall tube in the investigation by the authors sufficed 
to establish or to remove the “hot spot.’’ How many boilers are 
operating today with wall tubes subjected to repeated quenching 
as a result of minor variations in circulation is a matter for specu- 
lation, but failures attributable to this action may be expected to 
occur as a result of overload conditions imposed by war necessity. 

We should be particularly grateful to the authors for showing 
conclusively that it is not the relative amount of liquid and vapor 
in a tube which determines whether or not the tube will overheat 
but, instead, the mass flow of fluid in relation to the heat input. 


W. T. Rer.* 


Even a casual reading of this most interesting 
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paper indicates the extreme care taken by the authors in deter- 
mining, measuring, and controlling the factors affecting the 
transfer of heat through boiler tubes; their obviously expensive 
and unusually complete test equipment indicates an eagerness to 
obtain data of maximum reliability and usefulness. A detailed 
study of the paper shows that their efforts to divorce mass ef- 
fects, such as those occurring in an entire waterwall, from the 
action taking place in a single tube have yielded data of tremen- 
dous value for future design or investigational purposes. It is 
particularly fortunate that the authors saw fit to include in 
Table 2 a summary of the data obtained in this study; it is 
certain that these data will be utilized further in the future in re- 
lated investigations. 

The development of the parameter of the ratio of the rate at 
which steam is generated in a tube to the mass flow in the tube 
offers interesting possibilities. The authors’ suggestion, that 
when this parameter exceeds 9.5 danger of steam-blanketing and 
resultant abnormal tube conditions exists, indicates that with 
foreknowledge of the rate of heat transfer to the tube, rela- 
tively simple relationships fix the mass flow necessary to prevent 
steam-blanketing and possible damage to tubes. Unfortunately, 
however, in existing boilers, measurement of the rate of heat 
transfer to individual tubes is accomplished with difficulty, al- 
though field investigations of heat absorbed in various zones of 
pulverized-coal furnaces have been made. Measurement of tube 
temperatures by specially installed thermocouples, such as de- 
scribed in this paper, will not serve to permit estimation of heat- 
transfer rates, because, as shown in Fig. 30, tube temperatures 
can increase 180 F or more at the higher values of the “‘safety” 
parameter without being accompanied by increased transfer of 
heat. Therefore, in actual installations, utilization of the parame- 
ter developed in this investigation may be useful under certain 
conditions in explaining actions leading to tube failures, without 
being able to predict the occurrence of failure unless essential in- 
formation on mass flow and steam quality in the tube is available. 

The use of an oil-fired ‘‘test”’ furnace for this investigation is 
obvious; the extremely low ash content of the fuel assured clean 
and reproducible heat-absorbing surfaces, and the authors’ de- 
ductions on heat transfer by radiation to their. tubes are correct. 
However, in all actual installations where coal is the fuel, ash or 
slag accumulations on the tube surface will generally prevent the 
transfer of heat from furnace to tube from obeying the fourth- 
power law of radiation. Rather, the transfer of heat from furnace 
to the outer slag surface will follow the radiation law, whereas 
further transfer from slag to tube will be fixed by the thermal 
conductivity of the slag. Because the thermal conductivity of 
slag is low, a large proportion of the thermal gradient from fur- 
nace to water will occur across the slag layer. It is suggested 
that the physical condition of the slag or of the external scale on 
the outer tube surface may be taken as a rough measure of the 
heat transfer through the tube-slag combination when studied in 
conjunction with the actual tube-metal temperature obtained by 
embedded thermocouples; the composition of the slag must be 
known, of course. 

By means of data already available, it is possible to predict 
temperatures at which certain physical changes take place in slag 
deposits; thus under favorable conditions the slag may be a 
gage of the rate at which heat is being absorbed by the tube. 
Visual examination of the slag deposit on the tube, knowledge of 
slag properties, and temperatures of the outer tube surfaces possi- 
bly could be combined to indicate the distribution of heat along 
the tube, and therefore the parameter at various points along the 
tube if the mass flow within the tube were known. Conversely, 
knowing the distribution of heat along the tube and the tube tem- 
perature by embedded thermocouples, so that the parameter 
could be estimated possibly by experience with test installations, 
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the mass flow in the tube could be calculated, making unnecessary 
any pitot-tube or nozzle installations for direct measurement. 

The authors do not explain satisfactorily the anomaly evi- 
denced in Fig. 19, for coil No. 5, wherein the maximum metal 
temperatures were observed at the bottom of the turns and the 
minimum metal temperatures at the tops of the turns. It is dif- 
ficult to conceive of a coil less than 4 ft diam receiving heat by 
radiation in an uneven manner, unless it is mounted near the top 
of a very small furnace or near the bottom of a furnace with an 
overheated hearth; no probing of the wall of the test furnace for 
transfer of radiant heat is reported. Had vertical variation in 
radiant heat been responsible, it could have been corrected by 
inclining the test coils at such an angle that the radiation-angle 
factors were equalized. If no appreciable vertical variation in 
radiant heat actually was present, then an unexplained action is 
occurring within the coiled tubes. 


AvurHors’ CLOSURE 


We are grateful to the discussers for the contributions they 
have made to a fuller interpretation of the significance of our 
data and for additional information they have provided. Several 
questions have been asked which would require further testing 
to answer. Such work must be left for the future. 

Mr. Blizard’s comment that the over-all measured thermal 
resistance of the coil is less than the calculated resistance of the 
tube wall need not be too disconcerting. Similar calculations 
were made by the authors and a few instances were found in the 
curved tube to which Mr. Blizard’s comment would apply. On 
the straight tube the results were in closer agreement, it is true, 
but it is the difference between the curved tube and the straight 
tube which may be significant because on one tube the amount 
by which the calculated thermal resistance differs from the 
measured value could easily be accounted for in the assumption 
of the value of the thermal conductivity of the iron or the exact 
surface to use. 

Mr. Blizard’s question on the isothermal friction in the 
straight tube can be answered by stating that the tube was rough 
and slightly incrusted when examined. The experiments on 
friction were run during the heat-transfer experiments, and 
therefore it may be concluded that the straight tube tests were 
run on a tube of more than commercial roughness. 

The discussions of Dusinberre, Kimball, and Elrod, of Jakob, 
and of Patterson, should be answered jointly as they bear on the 
same subject. Dusinberre analyzes the temperature distribution 
in a tube heated on one side under two radiant assumptions. 
The acceptance of the authors’ conclusion, that for certain 
ranges of tube operation the film coefficients are virtually neg- 
ligible, releases a troublesome boundary condition and enables 
them to arrive at the noteworthy and straightforward analysis 
of the distribution of temperature in the metal. This analysis 
brings out the important point that discrepancies in results based 
on tube temperature measurements, such as noted by Blizard, 
may be accounted for partially by the eccentricity of the flame, 
to use their expression. It happens that some preliminary 
measurements which were made on the side of the curved tube 
showed that the distribution of temperature in this particular 
tube tends to indicate a distribution such as predicted by Fig. 
48 rather than Fig. 49 of their discussion. 

Dr. Jakob’s discussion deals with the effect of the shielded and 
unshielded portions of the tubes on the relationship of the At 
measured by the authors to a mean integrated value of At which 
was not measured. This relationship is affected by the particular 
radiation mechanisms which exist. His analysis leads initially 
to a distribution very similar to that given by Dusinberre within 
the assumptions of each discusser. Next he applies further 


analysis to determine the effect of reradiation and shielding. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1943 


The analysis then leads to an estimation of the local coefficient 
of heat transfer at the point where At was measured (for coil No. 
4) as of the order of 17,000 to 34,000 Btu per square foot, indeed 
a very high figure to be accounted for, not only by taking into 
account the factors of bubble size and turbulence, but also the 
rather remarkable change of physical properties of steam and 
water at high pressures. Finally, his calculated over-all mean 
coefficients (outside surface to fluid) of from 6000 to 12,000 
may be taken as an indication that the results of the authors’ 
investigation, when submitted to scientific scrutiny, are not at 
all invalidated as engineering data. 

The discussion of Patterson deals with the effect of shielding 
upon the exposed tube surface. The statement that the authors 
used the projected surface without regard to the arrangement 
of surface is not well founded. The authors do not believe that 
Hottel’s method of correction is applicable because all coils were 
embedded in fire clay up to the center line of the tube in the 
plane of the coil. Even the straight portion at the outlet end 
was similarly protected when each coil was installed although 
this part of the fire clay often broke off before the last test was 
completed as can be seen in Fig. 7. Furthermore, the data 
indicate that the effective surfaces for all coils were proportional 
to their projected areas without any such corrections to the 
different coils as Mr. Patterson has computed, namely, 27 
to 94 per cent. Although his correction to coil No. 6 would 
make its At’s more nearly comparable with those obtained 
for the straight tube, similar correction to the other coils would 
destroy the good correlation obtained for all coils as shown in 
Fig. 46. It is hard to believe that this was just a chance occur- 
rence. Might not the difference between coil No. 6 and the 
straight tube be better explained by a difference in the heat- 
flow pattern between tubes in a water-cooled furnace and those 
in a refractory furnace? 

Ely emphasized the important effects of slag and ash accumula- 
tions on the tubes and points out how localized these effects 
may be (Figs. 51 and 52, for example). Unfortunately, neither 
our methods nor his provide a direct measure of the influence on 
heat transfer. We can deduce certain values if we assume that 
the average film coefficient at the inner tube surface has not 
changed, but just here we reach the place where we are still 
without proof. The difference between our explanation of the 
performance shown in Fig. 30 and the explanation of Kreisinger 
and the discussion of Partridge is evidence of that. If in an 
actual boiler the radiation of heat is at a certain equilibrium 
value consonant with the amount of slag in the boiler and de- 
slagging uncovers a small portion of bare tube, the rate of heat 
absorption to this surface will increase considerably because 
the local receiving surface may have had its temperature lowered 
by perhaps 1000 degrees below that of adjacent slag-covered 
surface. In that case At as observed by Ely may go up in cor- 
respondence with the rate of heat absorption which is a perfectly 
understandable thing. In fact, the paper affords a means of 
discrimination between such behavior and that of an over- 
heated tube which is simple enough, for if the observed rise of 
At in a furnace tube is proportional to the readily calculated in- 
crease of radiant absorption everything can be assumed to be 
normal. Should, however, the rise be considerably higher than 
this, the limiting value of ¢g has been exceeded. The point is 50 
important that furnace designers will have much to think about 
in this connection. 

Kreisinger’s discussion deals with the effect of slag on At. 
He points out that the high temperature point on Fig. 30 was 
probably caused by slag. This is actually a misconception for 
the abnormalities in At reported were always controllable by 
varying the flow through the tube. This is also true of Fig. 32 
and is also shown on the coils in Figs. 23, 24, and 26 in termsof 
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over-all heat-transfer coefficients plotted against ¢. His dis- 
cussion of steam-blanketing is interesting and should be care- 
fully noted. Thus, he does not see why, if a tube is overheated 
at a point where the velocity is high and the mixture is 83 per 
cent by volume of steam, it should not be “blanketed’’ at 
a point further up where the velocity is still higher, but the 
percentage of steam is also higher. The answer, of course, is 
that the term “steam-blanketing”’ is too loose and has no mean- 
ing as applied to a tube as a whole. We should not apply such 
a term in the sense of its being a physical property of the tube 
at some particular time. It is the particular relationship of 
mass flow and heat absorption existing at a point or zone which 
seems to govern. Reasoning which omits either of these two 
factors is naturally incomplete. 

The discussion of Partridge is concerned with the question of 
whether a heat-transfer mechanism involving such tremendous 
coefficients as indicated by the authors and calculated by Jakob 
can break down. In the literature cited by Partridge from the 
field of chemical engineering, this possibility seems to be an 
established fact. Since, as Partridge points out, the present 
experiments produced similar results when the ratio of heat 
absorption to mass flow passed the parametric limits defined in 
the paper, it would be very important to check the parameter 
“¢” given in the paper with experiments made on other fluids 
to either confirm, restrict, or disprove the generality of this 
function. Here is an opportunity for theoretical workers in this 


field to test the validity of ¢ using the data which are cited 
by Partridge. Partridge calls film boiling a form of steam- 
blanketing. 

Reid calls attention to the apparent anomaly in Fig. 19 for 
coil 5 in which the highest At values are observed at the bottom 
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of the coil. This must be due to eccentricity of the radiation 
since as in Fig. 3 the bottom of the coil was closer to the re- 
fractory floor than the top. Fortunately, the tests run with 
only kquid heating in the tube show the same characteristic dis- 
tribution of At as when steaming is taking place. Thus, the 
conclusion that it is distribution of radiation rather than separa- 
tion, etc. of the mixture in the tube cannot be seriously ques- 
tioned. 

This brings us to a comment on the discussions of Kayan and 
Paschkis. The methods for the solution of transient-heat-flow 
problems are intriguing, but until we know far more about the 
details of what happens at the solid-fluid interface and rather 
more about the conditions on the outer surface of the tube, such 
methods seem rather restricted. 

Finally, we should like to call attention to the third paragraph 
of part 1 of the paper. Laboratory-scale studies will be necessary 
to answer many of the questions raised by our discussers and in 
the minds of designing engineers; we believe that our ‘“recon- 
naisance”’ has developed a map that will show the boundaries of 
the critical zones. We have shown good agreement between 
results with large and small tubes covering a wide range of 
experimental conditions; we have established a rough criterion 
for predicting the conditions under which tube “overheating” 
may be expected. With this background, new experimental work 
can be planned for the laboratory or the field with a much greater 
assurance of ultimate success. It is our earnest hope that others 
will soon be able to carry on from here. The paper has stimu- 
lated interest in and work on problems of furnace-heat trans- 
mission as evidenced by the extensive program of research work 
on this and related subjects being prepared for presentation 
before the Society. 
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Influence of Nonuniform Development of 
Heat Upon the Temperature Distribution 


in Electrical Coils and Similar Heat 
Sources of Simple Form 


By MAX JAKOB,'! CHICAGO, ILL. 


The maximum temperature in an electrical coil of simple 
shape can be found by measuring the surface temperature 
and the increase of the electrical resistance under load 
which yields the mean temperature. This well-known 
method is based upon the assumption that a coil is a body 
in which heat is developed almost uniformly all over the 
volume. But, owing to the increase of the electrical re- 
sistance with temperature, more heat per unit volume is de- 
veloped in the warmer sections of the coil than in the 
colder ones. The purpose of the present paper is to find the 
influence of this lack of uniformity in some simple cases. 
It is further shown how for some usual shapes of coils the 
maximum temperature can be found approximately from 
the equations derived for certain simple shapes, and the 
results for such a case are compared with experimental 
results taken from literature. The results of the paper re- 
fer, but are not restricted to electrical coils. They can be 
used also for exothermal chemical reactions in cases where 
steady-state and linear increase of the heat of reaction 
with temperature can be assumed, and the method can 
be extended to endothermal reactions. The application to 
the cases of plate, hollow cylinder, and hollow sphere with 
different temperature at the two free surfaces will form the 
subject of another paper. 


1 INTRODUCTION 


N electrical coil is a rather inhomogeneous body because 

A it is built up from conducting and insulating materials. 

However, considering equal volumes of such size that sev- 

eral or many layers of these materials are included, it can be 

assumed that in each volume the same Joulean heat is developed 

if the resistance of equal lengths of the conductor is the same all 
through the coil. 

The heat developed in such a body is conducted to the surface 
as in a homogeneous medium whose thermal conductivity is equiva- 
lent to that of the mixture of materials in the coil. In a steady 
state of heat development and heat flow (the only one to be con- 
sidered in this paper) the temperature ¢ decreases from a maxi- 
mum value t somewhere inside the coil to lowest values t, at 
the surface. It will be assumed that ¢, is uniform all over the coil 
surface. This holds closely for a coil in an oil bath or in a gas 
stream and can be used as an approximation in numerous other 
cases, 
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The mean temperature of a coil is defined by 


where the integral is to be taken over the total volume V of the 
coil. 

Vidmar (1)? seems to have observed first that in practical cases 
the ratio 


varies only from ?/; to 2/3. He suggested using ¢ = 2/4 for the 
calculation of to from ¢t, and ¢,,. This proposal is important because 
to is essential for the durability of a coil, but, unfortunately, can- 
not be measured inasimple way. The temperature t,, on the other 
hand, can be determined directly by thermometers or thermo- 
couples, and ¢,, by the usual measurement of the electrical re- 
sistance of the coil, cold and under load. 

Rogowski (2) proved that uniform heat development in an 
infinitely wide plane plate, an infinitely long cylinder, or a sphere 
leads to ¢ = 2/3, 2/4, and 2/5, respectively. 

For infinitely long coils of rectangular cross section (side 
lengths 2a and 2b) the author (3) derived the values of ¢ in Table 
Re 


TABLE 1 TEMPERATURE RATIO ¢ FOR COILS OF 


RECTANGULAR CROSS SECTION 
b/a = © 10 5 2.5 1.5 1 
e = 2/3 0.625 0.58 0.52 0.485 0.475 
Only later the author became aware that Humburg (4) had al- 
ready dealt with this case in a more general, however different, 
way. 

Considering the temperature distribution in a coil, the tempera- 
ture differences 06 = t —t,; 00 = to —t,, and 0,, = t,, — t, will be 
used for convenience and simply called temperatures, as though 
t, were the zero point of the temperature scale. Then according 


to Rogowski 
= Oo 1 — [3] 


where @ is the temperature at a point inside the coil, and z and s 
are the perpendicular distances of this point and of the surface, 
respectively, from the median plane, center line, and center of 
the infinitely wide plane, infinitely long cylinder, or sphere. A 
common proof of this equation for the three kinds of bodies has 
been given by the author (3). 

The values of ¢, just given, as well as Equation [3], are for uni- 
form development of heat in the coil. But heat is not developed 
uniformly in an ordinary coil. Consider a copper coil with ¢, = 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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25C and t& = 125C. The electrical resistance of unit length of 
the conductor at the temperature t¢ is 


[4] 


where R,’ is that resistance® at the temperature ¢,, and «¢ is a tem- 
perature coefficient which for pure copper and t, = 25C equals 
0.004C-1. Hence Ro’ = 1.4 R,’ at the temperature t = 125C. 
But according to the laws of Ohm and Joule, the heat developed 
by an electrical current is proportional to the resistance. Hence 
in the present case 40 per cent more heat per unit volume is pro- 
duced at the warmest place inside the coil than just below the 
surface. 

It seems that the influence of this inhomogeneity of heat de- 
velopment has never been investigated. It can be expected that 
to will be much greater and ¢ will be smaller than at uniform heat 
production. The purpose of this paper is to determine this in- 
fluence for the infinitely wide plane plate, the infinitely long cylin- 
der, and the sphere. The results will allow a fair estimate for the 
practically most important case of a coil with rectangular cross 
section. 

It will be seen that the influence on the temperature distribu- 
tion is surprisingly small, and the influence on the maximum 
temperature f) is enormous; in fact, to tends to become infinitely 
great at a rather moderate electrical current in the coil. 

The derivations and their results are not restricted to electrical 
coils, but hold as well for the nonuniform heat development due 
to chemical reactions in such a range where the heat of reaction 
can be considered as a linear function of the temperature. They 
could also be extended to inhomogeneous cooling as occurring in 
endothermal reactions. However, steady-state conditions with 
negligible influence of convection exist only seldom in chemical 
processes. Another possible application concerns the tempera- 
ture distribution in the oil film of bearings, the importance of 
which has recently been emphasized (5, 6). 


2 THE PLANE PLATE 


A long, hollow, cylindrical, electrical coil, whose inner radius is 
great compared with the radial thickness, behaves closely as an 
infinitely wide plane plate. If the length of such a coil is 10 times 
the thickness, then according to Table 1, ¢ is only about 4 per 
cent smaller than for infinite length. Therefore the case of the 
infinitely wide plane plate has considerable practical importance. 


Let z 


perpendicular distance of a point of the plate from 
its median plane 
6 = (t —t,), temperature at this point 
k = equivalent (apparent) thermal conductivity of plate 
material 
q''’ = rate of heat energy developed in unit volume* 


Then the temperature distribution under steady-state conditions 
will be found from the well-known differential equation 


k does not vary much with the temperature. The change of ¢ 
can be considered as linear with temperature, at least in the tem- 
perature range occurring in electrical coils. Both changes can 
practically be represented by 


aut 


=m(14 20) = m(l + of).... [6] 
k m 


3 The prime sign denotes per unit length; three primes are used for 
unit volume. 
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where m and n are constants, and « = n/m is a temperature coef- 
ficient. Physically these constants are defined as m = q,''’/ks 
and n=eq,''’/k, where the subscript s refers to surface temperature 
(0 = 0). 

Since q’’’ 5 0, m 5 0, and n & 0; the latter can be assumed 
because in general the change of q’’’ with temperature exceeds 
that of k. 

From Equations [5] and [6] 


te 


a0 
dx? 


has the solution 
= M-cos(x Vn) + N-sin(z Vn) [9] 


where V and N are constants of integration. 
A particular solution of Equation [7] is 


Hence its general solution is 
m 
= —— + M-cos (x Vn) + N «sin (x Vn) .. {11] 
n 


For reasons of symmetry, only the interval from z = 0 tox = s 
needs consideration where 2s is the thickness of the plate. 
From Equation [11] and the boundary conditions 


[12] 
when 
z=0 
when 
r=8 
and N = 0 


cos (sVn) 
and by substitution in Equation [11] 
m| cos(z Vn) 1] cos 
6 = — | ——— — 1] = -| —— — 1 }.... [14] 
n cos(sV/ n) € cos o 


where for convenience the dimensionless quantities § = x/s and 


= s/n = sVeq,'’’/k, have been introduced. At x = 0 the 
temperature becomes 


m 1 1 1 
| € = o | 


From Equations [14] and [15] 


6 cos(2°Vn) — cos (sVn) cos(tc) — cos [16] 
90 1 — cos(sVn) 


Hence the temperature distribution across the plate is not para- 
bolic as according to Equation [3], but cosinoidal. 

The case of uniform heating (n = 0) is not included in Equation 
[9]. For this case, Rogowski already has found 


— 
= 
For n > 0, the reduced equation 
dx? k (5) 
[17] 


JAKOB—TEMPERATURE DISTRIBUTION IN ELECTRICAL COILS 


According to Equation [14], @ is proportional to m, but accord- 
ing to Equation [16], the temperature distribution is independent 
of the value of m. 

In a heated coil or a plate under exothermic reaction, @ > 0, 
according to definition. But for arbitrary values of x < s, 
Equation [14] yields positive values of @ only if 


cos(x > cos(sV/ n) | 


8 Vn < 7/2 


and [18] 


At the limit 
.. [19] 


6 becomes infinitely great for every value of x. Hence if the 
linear Equation [6] were true up to this limit, every point of 
the plate would be at infinitely high temperature. 

So Equation [18] does not mean a physical restriction of the 
problem. It shows only that already at a finite value of sVn 
the temperature at every point, except on the surface, would 
exceed any finite value. 

Substituting n from Equation [19] in Equation [6] 


mk, 
= ) 


4 es? 


- {20} 


Consider a coil of volume V and electrical resistance R, at tem- 
perature ¢,. Then for an electrical current 7 by definition and 
Ohm’s law 
hd 


rr 


qs 


and by substitution from Equation 20 
i = 02.467 k,V/(es? R,) 


This is the current at which the temperature would become in- 
finitely high. To understand this from the energy viewpoint, 
it must be kept in mind that the increase of the electrical resistance 
inside the coil which is due to the temperature increase will cause 
an enormous increase of q’’’ inside the coil, although q,’’’ (on the 
very surface) is supposed to be held at a moderate value. 

For Vn > 2/2, Equation [14] vields negative values of 6 for 
certain values of z which is physically impossible. |The particu- 
lar integral @ = —m/n which has been used for the solution of the 
differential equation belongs to the range of negative values of 
6 without physical equivalent. This is a striking example of 
finding physically real solutions by using a mathematical con- 
cept without physical meaning. 

At the limits « = 0 and o = 2/2 Equation [16] reduces as fol- 
lows 


= 0 


0 
The simplest method of determining this value is to expand the 
cosines in Equation [16] in series and to cancel those terms which 


for ¢ > 0 became small of higher order. 
The result is 


which is identical with the parabolic distribution according to 
Equation 
For the other limiting value, ¢ = +/2, Equation [16] yields 


Table 2 contains numerical values of 6/4 as function of &, 
calculated by means of Equation [16], for different values of ¢, 
and Fig. 1 is a graphical representation of this function for the 
limiting values ¢ = 0 and o = x/2 and one parameter between 
(o = 1). Fig. 1 shows the surprising result that from zero to 
infinitely high temperature (¢ = 0 too = 2/2), the temperature 
distribution changes only very little. 


TABLE 2 TEMPERATURE DISTRIBUTION IN PLANE PLATES 
¢= 0 «/3 4nr/9 
0/ 
0 1.000 1.000 1 J 1.000 1.000 1.000 
0.1 0.990 0.990 0.990 0.989 0.989 0.988 
0.2 0.960 0.960 0.959 0.956 0.954 0.951 
0.3 0.910 0.910 0.909 0.902 0.895 0.891 
0.4 0.840 0.840 0.838 0.827 0.817 0.809 
0.5 0.750 0.750 0.745 0.732 0.717 0.707 
0.6 0.640 0.640 0.635 0.618 0.600 0.588 
0.7 0.510 0.510 0.505 0.486 0.466 0.454 
0.8 0.360 0.360 0.356 0.338 0.320 0.309 
0.9 0.190 0.189 0.186 0.176 0.164 0.156 
1.0 0.000 0.000 0.000 0.000 0.000 0.000 
a 
o7 

a 

Q 
o3 
° 
= 
Fig. 1 


This means that also the ratio ¢ = @,,/0o will vary only a little. 
Equation [1] in this case becomes 


sJo 


Substituting @ from Equation [14] and integrating 


1 sin ¢ — o- cos 1 / tan 
€ 


From Equations [15] and [24] 


6, Sine—o-cosa 
= 
(1 — cos o) 


0 
For ¢ = 0 one obtains ¢ = 0 


Again, the simplest way for determining this is using the trigo- 
nometric series. The result is ¢ = 2/3 = 0.6667, as given already 
in Section 1. 
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Substitution of ¢ = x/2 in Equation [25] yields ¢ = 2/r = 
0.6366 as lower limit. This is only 4'/, per cent smaller than the 
value 2/3, independent of how thick the plate or how large the 
temperature coefficient « may be. 

The maximum temperature 0, however, according to Equation 
[15], ‘varies from 0 to when ¢ changes from 0.6667 to 0.6366. 
Some values of ¢# are given in Table 3, and plotted in Fig. 2 in 
logarithmic scale. 


TABLE 3 MAXIMUM TEMPERATURE IN PLANE PLATES 


360 360 
0 0 80 .76 
3 0.00138 81 5.40 
10 0.0154 88 27.7 
30 0.155 89.75 229 
45 0.416 9 
60 1.000 
3 
2 


re) 
“= 
o oF G2 aS C4 OS OF OCB OS 10 
Soran. 
Fig. 2 


3 THE CYLINDER 


The case of an infinitely long full cylinder, although never 
realized completely, is practically important for the following 
reason: A hollow cylindrical coil of quadratic cross section be- 
haves almost like an infinitely long cylindrical coil of equal cross- 
sectional area, provided the inner diameter of the hollow cylindri- 
cal coil is so great that the curvature can be neglected. This pre- 
sents the possibility of calculating approximately the maximum 
temperature in the hollow cylindrical coil of quadratic cross sec- 
tion under consideration of the nonuniform development of heat, 
for the time being the only way to deal with this case (see Section 
5). 

If r is the perpendicular distance of a point of the cylinder from 
the center line, and 2s is the diameter of the cylinder, the other 
symbols having the same meaning as for the plate, then under 
steady-state conditions the temperature distribution will be found 
from the differential equation 


1 dé 
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The reduced equation is 
+ 0 27 
Introducing 
Equation [27] becomes 
] 


This is Bessel’s differential equation of zero order. Its solution is 


6= M-Jdy) + N+ (30] 


where Jo and Yo are the Bessel functions of zero order and first 


and second kind, respectively, and M and N are constants of 
integration. 


As for the plate, a particular solution of the complete differen- 
tial equation is 


Hence, the general solution is 
= + M-JoirVn) +N .... [31] 


M and N are found from the boundary conditions 


dé 
when 
r=0Q@ 
and 
when 
r=8 
From Equation [31] 
dé 
M -JilrWn) — VilrWn)........ [34] 


where J; and Y;, are the Bessel functions of first order and first 
and second kind, respectively. 
From Equations [32] and [34] 
N =0 


so that Equation [31] becomes 


From Equations [33] and [35] 


Substituting this in Equation [35] gives 


where p = r/s and o = 8+/n. This equation is analogous 10 
Equation [14]. 


| 
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At r = 0, the temperature becomes 


Jo(sV/n) 


From Equations [36] and [37] 


Jo(r/n) — Jo(svVn) _ — Folo) [38] 
1 — Jo(sV/n) 


1 — Jo(c) 
Again the temperature distribution is not parabolic, as according 
to Equation [3]; this time it follows a Bessel function of zero 
order and first kind. 
Also here the case of uniform heating (n = 0) is not covered 
by the foregoing equations, but according to Rogowski 


As in the ease of the plane plate, the temperature @ is propor- 
tional to m and the temperature distribution is independent of m. 

In analogy to the behavior of the plate, the condition @ > 0 
restricts the physical validity of Equation [38] to cases where 


Jorn) > JolsVn) 


For arbitrary values of r < s this holds only between s\/n = 0 
and 2.4048, the first zero point of the function Jo, as Equation [16] 
holds only up to the first zero point of the cosine function in the 
case of the plane plate. 


If 


s/n = 2.4048....... [40] 


then, according to Equation [38], @ becomes infinitely great for 
every value of r. The rate of heat development at which this 
occurs can be found exactly as for the plate, the result being 


k 
q,’"’ = (2.4048)? — = 5.7832 —......... [41] 
es? es? 
Also Equation [38] simplifies at the limits o = 0 and ¢ = 
2.4048. Fore = 0 
0 


Expanding the Bessel functions in Equation [38] 


For ¢ + 0 this becomes 


9 
p [42] 
which again gives the same parabola as Equation [3]. Foro = 
2.4048, Equation [38] yields 
0 


Table 4 contains numerical values of @/4 as function of p, caleu- 
lated by means of Equation [38] for different values of ¢. In 
Fig. 3, the two limits, ¢ = 0 and « = 2.4048, are represented, to- 
gether with two intermediate curves (¢ = l ando = 2). Again 
the variation of the temperature distribution is minimal compared 
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with the change of the maximum temperature which can be seen 
from Table 5 and Fig. 2. 


TABLE 4 TEMPERATURE DISTRIBUTION IN CYLINDERS 


¢= 0 0.1 1 2 2.3 2.4048 

6/60 
0 1.000 1.000 1.000 1.000 1.000 1.000 
0.1 0.990 0.990 0.988 0.988 0.986 0.986 
0.2 0.960 0.960 0.956 0.950 0.945 0.943 
0.3 0.910 0.910 0.906 0.886 0.878 0.874 
0.4 0.840 0.840 0.831 0.801 0.795 0.782 
0.5 0.750 0.750 0.736 0.698 0.684 0.670 
0.6 0.640 0.640 0.626 0.576 0.553 0.543 
0.7 0.510 0.510 0.492 0.442 0.417 0.408 
0.8 0.360 0.360 0.346 0.299 0.276 0.268 
0.9 0.190 0.190 0.179 0.150 0.136 0.125 
1.0 0.000 0.000 0.000 0.000 0.000 0.000 
TABLE 5 MAXIMUM TEMPERATURE IN CYLINDERS 

€60 

0 0 2.3 17.0 

0.1 0.0025 2.39 129 

1 0.307 2.4 398 

3.47 2.4048 


Substituting @ from Equation [36] and performing a part of the 
integration 


m 2 


Substituting ro/n = y, 8\/n = o, and n/m = « 


1 2 
6, = f y-Jo(y) «dy — [45] 


The integral is found as follows 


y? y* 

J = — — Wad 
y* y® 

y-Joy) = 


(37] 
3? 
[39] | 
The mean temperature in this case is defined by 
1 

0, = 
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Joly) -dy E € 22. 4 2?- 47-6 


= Ea = o-Ji(a) 
0 


1) 
Om = - ees 1] [46] 


and using Equation [37] 
Om 1 2-Ji(o) —o-Jo(o) 


Hence 


00 o 1 — Jo(o) 
0 
For o = 0, again ¢ = 0” but using the Bessel series 
2 (5 + 
2? 
= 0.5 


¢= 
o o 
+ 


as the parabolic distribution of temperature requires. 
Substituting ¢ = 2.4048 in Equation [47] yields 


_ 2(0.51915) 


instead of the value of 0.5 for uniform heat development, still a 
rather moderate difference considering the range of temperature 
variation from @ = 0 to @ = o, 


4 THE SPHERE 


Spherical coils may be used only occasionally. However, the 
calculations for a sphere also have practical significance because 
they give approximations for cylinders of height equal to diameter, 
and for cubes of the same volume. Spherical shape is further 
sometimes used in devices for chemical reactions. 


The procedure is the same as for plate and cylinder. Here 


r radial distance of any point of the sphere from its center 
2s = diameter of sphere 


The complete differential equation is 


ao 


and the reduced equation is 


0 49 


Substituting @ = z/+/r in Equation [49] 


and substituting r = y +/n in this equation 
dyy dy 4y? 


This is the Bessel equation of order vy = 1/2. Its general solution 
is 


z= (M-sin y + N-008 
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where M and N are the constants of integration. 

Again, a particular solution of the complete differential equa- 
tion is 
[10] 


so that its general solution becomes 


1 
— [M-sin(rV/n) + N-cos(r- Vn) [51] 
n TVn 
From the boundary conditions 
0 {52} 
dr re 6 6.6 6 46.5 64.4 
for 
r=0 
and 
. . (53) 
for 
r=s 
m § n 
n sin(s/n) way 


are obtained. Substituting these in Equation [51] 
si 1 |} sin 
n Lr sin(s/n) Lo-sine 
Substituting p = 0, the maximum temperature is found as fol- 
lows 


But 
sin(pe) _ _¢ sin(ec) 
and for p > 0 
sin(po) 
po 
Hence 
l 
=- (= 1) [55] 
€ sing 
For n = 0, however, according to Rogowski 
ae [56] 
From Equations [54] and [55] 
i 
P — sin (po) — sin o 
o—sing 


As in the former cases, @ is proportional to m and 0/6 is independ- 
ent of m. 
According to Equation [54], @ is positive only if 


sin (pc) > psing 


— 


This is the case in the range from o = 0 too = was can easily 
be checked from the behavior of the sine in a circle with unit radius 
or by looking up a table of sine values. 

For o > w negative values of @ would occur, which is without 
physical equivalent. 

For o = w the temperature would become infinitely great for 
every point inside the sphere. The rate of heat production q,’”’ 
at which this occurs is found as in the former cases, the result 
being 


= x? - — = 9.870 
€s* 


By expansion of the sine series and neglecting the terms which 
become small of higher order 


which again is the same parabola as described by Equation [3]. 
With the other limiting value, o = r, Equation [57] yields 


sin( pr) 
pr 
For 
p=0 0/0 = 1 
For 


0/4 


| 


Table 6 contains numerical values of 6/4 calculated by means 
of Equation [57] and in Fig. 4 curves for the limiting parameters 
= Oando = zg, and foro = x/2 and o = are presented. 
Again the variation of 6/4 is small, although a little greater than 
in the former cases. The variation of the maximum temperature 
in this range is shown in Table 7 and Fig. 2. It is remarkable 
how close to one another come the curves for plane, cylinder, and 
sphere in this graph. 


The mean temperature in a sphere is defined by 


A} 
[61] 
(4/3)xs* Jo 


Substitution of @ from Equation [54] and introduction of y = 
po = rv/n lead to 


ysin y-dy—1] = - (sin'e 
\o*sing Jo Lo’ sing 


3/. 
sino 


—1 | = 


€ sin o 


3 o 


series. 
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TABLE 6 TEMPERATURE DISTRIBUTION IN SPHERES 


c= 0 34/4 35/36 7 
0 1.000 1.000 1.000 1.000 1.000 1.000 
0.1 0.990 0.990 0.986 0.986 0.983 0.983 
0.2 0.960 0.958 0.948 0.943 0.938 0.935 
0.3 0.910 0.902 0.884 0.882 0.862 0.858 
0.4 0.840 0.824 0.798 0.785 0.763 0.757 
0.5 0.750 0.727 0.691 0.676 0.644 0.636 
0.6 0.640 0.612 0.570 0.550 0.514 0.505 
0.7 0.510 0.479 0.436 0.415 0.377 0.368 
0.8 0.360 0.332 0.292 0.275 0.242 0.234 
0.9 0.190 0.17 0.146 0.135 0.114 0.109 
1.0 0.000 0.000 0.000 0.000 0.000 0.000 
TABLE 7 MAXIMUM TEMPERATURE IN SPHERES 
360 
0 0 
90 0.570 
135 2.335 
150 4.24 
175 34.1 
179.5 358 
180 
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From Equations [55] and [62] 


(sin —o cos a) — sin 
0 o 
m 


o —sing 


For o = 0, again 


Here, however, one must be careful with the expansion of the 
Terms up to o° are partly needed. Then 


a 


For o = 0, Equation [57] yields 
6 0 
0 
4 
| LITLE 
3 
_ 0 
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and for ¢ ~ 0 
¢ = 6,,/00 = 2/5 


as given in Section 1. 

The author has checked this and the former calculations of the 
maxima by the usual calculus of undeterminates. In the present 
case, one has to differentiate four times until the result ¢ = 0.4 
is obtained. 

The other limit, ¢ = z, leads to 


This is 24 per cent less than under the assumption of uniform 
heating where, also at this limit, ¢ would be equal to 0.4. 


5 A NUMERICAL EXAMPLE, CHECKED BY EXPERIENCE 


In various firms of the electrical industry, the maximum tem- 

perature inside coils will have been measured; little, however, 
seems to have been published that could serve for checking the 
theory developed in this paper. 
' Rogowski and Vieweg (7) performed experiments on a hollow 
cylindrical coil under different conditions of load and cooling. 
Most suitable for comparison with the theory is their test No. 2 
where the coil was cooled from all sides by streaming air so that 
the surface temperature will have been rather uniform. The 
inner diameter of the coil was 80 mm, the outer diameter was 168 
mm, while the cross section was quadratic with 44 mm side length. 
The coil was made up of copper wire, 1 mm diam, insulated by 
silk, soaked with lacquer. The wire was wound in 40 layers, 
each including 35.4 windings as an average, the total number of 
windings being 1416. 

For applying the theory, the equivalent thermal conductivity 
k of the coil material is needed. Very little seems to be known 
about this. The simplest way to find it would be by direct meas- 
urement on a hollow cylindrical coil or on plane plates, built up 
from the particular insulated wire, using one of the standard 
methods for testing plates or hollow cylinders of heat-insulating 
material. 

The authors (7) give no values of k; so this had to be calculated. 
A theory of exact calculation of k from the geometrical configura- 
tion and the thermal conductivities of the constituents of a coil 
has not been developed as yet. For this reason, the following 
approximative method has been used: 

The wire of the coil is assumed to be replaced by a conductor of 
rectangular cross section having the same cross-sectional area as 
the wire and insulation of uniform thickness. The dimensions 
of the cross section are chosen so that 40 layers of 35.4 windings 
(as an average) fill the cross-sectional area of the coil. This is 
performed by the system shown in Fig. 5, which has exactly the 
same number of windings, number of layers and areas of cross 
section of copper and of insulation as the original coil. 

Now it is assumed that for heat flow in the vertical direction, 
the horizontal lines AA, BB, CC, etc., and, for heat flow in the 
horizontal direction, the vertical lines aa, bb, cc, etc., are iso- 
thermals. This then allows the calculation of k for vertical and 
horizontal heat flow (k, and k,), if the thermal conductivities 
k,, and k, of the metal and the insulation are given. 

The thermal conductivity of copper is well known; it has been 
assumed to be k,, = 3.49 watt em-! C71. 

For varnished silk, values of k; between 0.00159 and 0.00128 
have been measured at temperatures from 11 to 128 C, with mean 
values of 17 to 80 C (8). The influence of temperature, if any, 
has not been revealed by these tests. A value k; = 0.00143 watt 
em~! C~' will be assumed. This is not only the average of the 
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values given, but also the value measured at temperatures ap- 
proximating those in the coil experiment under consideration. 

The calculation, based on Fig. 5, k,, = 3.49 and k; = 0.00148, 
led to k, = 0.00556 and k, = 0.00506. It may be noticed that 
57.5 per cent of the volume was taken by copper, having a 2400 
times greater thermal conductivity than the insulating material. 
Nevertheless, the equivalent (apparent) thermal conductivity 
was only 3.7 times that of the insulating material. 

It is further seen that the thermal conductivity is different by 
about 10 per cent in the two considered directions. An average 
value k = 0.00531 watt em~! C~! will be assumed in the calcula- 
tion of the coil temperature. 

The authors indicate that the coil had a resistance R ~ 11 ohm 
in the cold state; it may be assumed that this was at about 20 C. 
Then, at t, = 76.1 C (the measured surface temperature), ac- 
cording to Equation [4], the resistance will have been 


R, = 11[{1 + 0.004 (76.1 — 20)] = 13.46 ohm 
Since the volume of the coil was V = 756 cm$, 
R,’"’ = R,/V = 0.0178 ohm per cm’, 


Using now t, = 76.1 C as zero point, according to the definition 
6 = t—t,, Equation [4] becomes 


It is not generally recognized that ¢, as defined by Equation 
[4] or [64], is not always equal to 0.004 C-" for copper, but de- 
pends upon ¢,. From experiments of Holborn (9) it can be de- 
rived that for pure copper 


e = 0.0043 whent, = OC 


and 
« = 0.0030 when t, = 100 C 


both almost independent of the temperature ¢, up to 500 C or 
more. An interpolated value « = 0.0033 will be assumed for t, = 
76.1 C. 

The current in the experiment wasi = 3amp. Hence, q,'’’ = 
?R,'’’ = 0.1602 watt per cm, m = q,'’’/k, = 0.1602/0.00531 = 
30.2 C per cm’, and n = em = 0.0033 (30.2) = 0.0997 em’. 

As mentioned in Section 3 a hollow cylindrical coil of quadratic 
cross section will behave not much differently from an infinitely 
long full cylindrical coil of the same cross-sectional area. Since 
the cross-sectional area of the test coil was 4.42 = 17.6 cm?, the 
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equivalent radius of an infinitely long cylindrical coil is s = 
V/17.6/" = 2.486 cm. Hence o = sVn = 0.774. 
Substituting this in Equation [37] 


1 
and taking Jo(0.774) = 0.8545 from a table of the Bessel func- 
tions, 0. = 52.2 C. 
This would be for nonuniform heat development in an infinitely 
long cylinder. 
For uniform heat development, on the other hand 


and for quadratic cross section with the cross-sectional area 4a? = 
xs?, according to Jakob (3) 


q’”’ @ «0.59 s 
6 = 0.59 — -— =- 65 
k 0.64 ( (65) 


Assuming that the ratio 0.59/0.64 will approximately hold also 
0.59 
for nonuniform heating, a reduced value (60)rea = 064 §2.2 = 48C 


is found for the maximum temperature in the quadratic cross 
section of the test coil, whereas Rogowski and Vieweg’s electrical- 
resistance measurements led to 46.3 C. Without taking care of 
the inhomogeneity of heat development, the calculation would 
have given 42.9 C. 

The mean temperature of the cylindrical body, according to 
Equation [46] is 


"0.0033 | 0.774 J(0.774) 


and taking J;(0.774) = 0.3587 from a table, 6,, = 26.1 C. 
Here, according to Jakob (3), the reduction ratio is 0.28/0.32, 


0.28 
which gives (6,,)red = 0.32 26.1 = 22.8 C, whereas 23.9 C has been 


measured and 20.4 would have been found by calculation without 
considering the inhomogeneity of heat production. 

The excellent agreement between theory and experiment must 
not be overestimated. It is somewhat incidental, because the 
assumed value of k; is uncertain and the experiments are none too 
good. The author would rather conclude from this coincidence 
that k; has been chosen satisfactorily. Moreover, the reverse 
way, that is measuring 6,, and finding k by means of the theory, 
may be suggested as a simple and reliable method of determining 
the apparent thermal conductivity of coil materials. 

Finally, it will be calculated which electrical current i would 
bring the eoil to infinitely high temperature, according to the 
theory. 

From Equation [41] 


k 


and substituting R,’’’ = 0.0178 ohms per cm’, k, = 0.00531 watt 
em~'C-!, ¢ = 0.0033 C-!, and s = 2.486 cm, the limiting value 
7 = 9.20 amp is found. Since 3 amp as used in the experiment 
caused a very moderate temperature increase, it is surprising 
that 9.2 amp would be sufficient to bring the temperature be- 
yond any finite value. 

This will be compared with the result of the old theory by 
assuming acurrent of i = 9.20 ampin the coil. In that theory, a 


constant mean value (1 + is to be assumed. 


Substituting this in the equation for an infinitely long cylinder, 
Equation [39] 


8° 
k 4 (1 + 66,,) 


= 


But, as mentioned in Section 1, 0,, = 0.5 4. Substituting this, 
6 is the only unknown, and with q,’’’ = (9.20)? 0.0178 = 1.506 
watt per cm’, and k,, e, and s as given previously, 0. = 1566 C is 
obtained, or reduced to square cross section, as before, (9o)rea = 


1566 = 1443 C, instead of 


From these numerical calculations, it is seen that the influence 
of the nonuniform development of heat increases rapidly at higher 
load and should not be neglected even at moderate rates of heat 
production. 


CONCLUSIONS 


The theory of heat conduction at steady state in infinitely wide 
plane plates, infinitely long cylinders and spheres has been ex- 
tended to the case of internal heat development at a rate which 
increases linearly with the temperature. : 

This always occurs in electrical coils under load. It may occur 
also in bodies which undergo chemical reactions in a temperature 
range where the heat of reaction can be assumed as increasing 
linearly with temperature. If, for instance, a reacting solid or 
crushed substance is steadily moved as the coal bed on the travel- 
ing grid of a furnace, or through a cylindrical pipe with negligible 
axial heat conduction or convection, then heat is transmitted 
only by conduction in a direction perpendicular to the movement 
of the reacting body, and, in a given length section, the tempera- 
tures are not changing in time. The temperature equilibrium in 
a potato silo or in a pile of stored coal belongs to the same group 
of problems. Inside, an exothermal reaction occurs, and it can 
be assumed that the heat is conducted to the surface, the equiva- 
lent conductivity being due partly to convection. In a coal pile 
a quasi-steady state sometimes exists for months; if the equilib- 
rium is disturbed self-ignition may occur. The main difficulty 
for precalculation of the maximum temperature is the inhomo- 
geneity and odd shape of the pile. 

Another possible application concerns the temperature distri- 
bution across the oil film of a bearing. Here, however, the heat 
development depends not only upon the temperature distribution 
but also upon the velocity distribution of the rotating oil, which 
itself depends upon the viscosity and by this on the temperature 
distribution. This will require a special analysis. Moreover, the 
development of heat will probably become smaller with increasing 
temperature. 

Neither this nor the case of heat sinks instead of heat sources, 
i.e., the case of endothermal reactions, has been dealt with in this 
paper, although the latter would not have presented particular 
difficulties. 

The main results of the present paper are the following: 


1 Owing to the increase of the electrical resistance inside a 
coil with temperature, the temperature tends to assume an in- 
finitely high value already at a rather moderate electrical current. 

2 The temperature distribution in a coil is not much different 
from that at uniform development of heat, even at infinitely high 
temperature. 

3 By this also the ratio of the mean to the maximum tempera- 
ture does not change much. 

4 Therefore it is possible to deal approximately with cases 
for which the exact solutions have not been found as yet. 

The differential equations and their solutions are not restricted 
to the simple cases dealt with in this paper. In particular, they 
hold as well for the practically important cases of plate, hollow 
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cylinder and hollow sphere with different temperatures at the 
two free surfaces, and for heating hollow cylinders and spheres 
from outside to inside, as well as in the opposite sense. These 
cases will be treated in a later paper on the subject. 
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Discussion 


E. 8S. Davis.5 The influence of nonuniform development of 
heat on the temperature distribution in bodies of simple shape is 
of rather great engineering interest. 

The author has ably covered the case where the temperature 
coefficient of conductivity is linear. However, there are many 
materials whose coefficients are not linear. Let us consider the 


dk 
case where the coefficient ar may be expressed by the form 


The basic equation governing the case of the flat plate is still 


d*6 
[67] 
If we represent 
q’"/k =m (1 + af + [68] 
then 
— = m(l + + B6*).............. [69] 


dx? 


Representing the temperature at the median line by 7’», at the 
surface by 7., with z at the surface = 0, and x = s at the median, 
we may express the boundary conditions as 6 = (7’— T,,,) = 0, 


and = = Oatz =s,ando = (7,—T,,) atz = 0. 


4 Title Translated. 
5 Development Engineer, American Locomotive Company, Alco 
Products Division, New York, N.Y. Deceased. 
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Multiplying Equation [68] by dé and integrating 


dé 
“dx da de 
-d{—]= m(l + ad + Be*)de.... (70) 
o dz dx 0 


then integrating again 


2 
V v/p) = V/ 2m —~8)..... [73] 
u 
where u and v are roots of 


Be? ad 


3a 3B 4B 

4B 2 4 
Here, sn represents one of the Legendre, or more precisely, the 
Jacobi functions.* 

This solution shows the proper procedure to take in case the 
thermal conductivity varies greatly from a linear function. The 
same type of analysis may be applied to the case of the cylinder 
and the sphere, if the necessity arises. 


or 


(u,v) = 


R. H. Norris.?. The author has made a useful contribution in 
reassuring us that no serious error is introduced by the customary 
neglect of the effect of nonuniformity of heat generation on the 
calculated temperature rise of electrical coils. 

His analysis provides a convenient basis for a discussion of the 
ratio of the temperature rise, calculated by his new “exact” 
method, to the rise calculated by the common, less accurate, 
method which assumes uniformly distributed heat generation. 
This ratio is of most practical significance when it is based on the 
same total heat dissipation for both methods. Since its value on 
this basis, however, does not seem directly evident from the 
author’s curves, it is discussed more explicitly in the following 
paragraphs: 

The total heat dissipation is proportional to the slope, at the 
coil surface, of the curve of temperature distribution, as plotted, 
for example, in Fig. 1 of the paper. The slopes of the highest 
and lowest curves shown in Fig. 1, differ by a ratio of 1.27 to |, 
for the same maximum temperature. 

For the extreme case here considered, this means (for reasons 
explained later) that a 27 per cent error would be introduced 
in the calculated maximum temperature rise, if the customary 
approximate method were used, instead of the “exact”? method 
when assuming the same total heat dissipation for both methods. 
(This extreme case is the one for which the parameter o has the 
value 7/2.) 

In the range of practical interest, however, the corresponding 
error becomes practically negligible. It is only 5 per cent for a 
case more unfavorable than any likely to be encountered in 
practice, namely, the case in which the temperature rise from 


6 “Functions of the Complex Variable.’ by J. Pierpont, Ginn & 
Company, Boston, Mass., 1914. 

7 General Engineering Laboratory, General Electric Company, 
Schenectady, N.Y. Jun. A.S.M.E. 
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surface to center is assumed 100 C, and the temperature coef- 
ficient «, assumed as high as 0.00364 (corresponding to sur- 
face temperature of 40 C). The value of the parameter a, corre- 
sponding to these conditions, can be shown to be 0.748. 

For the general case, a convenient expression can be derived, 
from the author’s results, to express the ratio of the temperature 
rise, by the “exact”? method to the rise by the customary ap- 
proximate methods. This ratio, for a given total heat genera- 
tion, is given by the equation: 

(Bo) exact 2 (1 — cos a) 


(00) approx osing 


The figures of 27 per cent and 5 per cent discrepancy pre- 
viously mentioned, were obtained from this expression, since it 
gives 1.27 and 1.05 for o = w/2, and 0.748, respectively. This 
expression is obtainable by differentiation, with respect to , of the 
author’s Equation [16], and evaluation of the resulting expres- 
sion for the value = 1. The values thereby obtained corre- 
spond to the relative temperature gradients at the surface, and 
hence to the relative heat dissipation for a given maximum 
temperature or, conversely, to the relative maximum tem- 
perature for a given heat dissipation. 

As regards effective, or average, thermal conductivity of an 
array of round electrical conductors embedded in homogeneous 
insulation, data have been made available by R. Richter.’ It 
would seem that these data might be better than the author’s ap- 
proximations, for evaluation of the thermal conductivity for 
the test sample. These data of Richter are also available in a 
book by A. D. Moore.® 


Rurus OLpENBURGER.'’ This paper fills a long existing need 
for an accurate understanding of the temperatures in electrical 
coils, which understanding will prove of value in preventing 
failures caused by the overheating of conductors. The author 
emphasizes a technique, so important in modern engineering, of 
treating problems from different branches of engineering by one 
method applicable to all of these problems, because the under- 
lying mathematical laws are identical. 

That the solution of the differential equation for the tempera- 
ture difference 6 yields, in general, positive values of @ for only 
certain values of z in the range 0 <-> s is somewhat surprising 
since a value of @ has physical meaning only if @ is positive or 
zero. For the simplicity of the analysis let us restrict ourselves 
to the author’s solution of the infinitely wide plane plate. Analo- 
gous remarks will hold for the other coils treated. With the 
differential Equation [7] of the paper, and the boundary condi- 
tions Equations [12], [13], the solution Equation [14] is obtained, 
which can be shown by mathematical methods to be the unique 
solution for the type of functions considered. Since the differ- 
ential Equation [7] is fundamental, and has been thoroughly 
verified by theory and experiment, the negativeness of @ in Equa- 
tion [14] ean be due only to the choice of the boundary conditions. 
The value of @ is negative, for example, when 


costo <cose,coso>0,0 SES 1 


These inequality relations can be satisfied for a proper choice of 
7 and go in the ranges 


a Maschinen,”’ by R. Richter, Julius Springer, Berlin, 
* “Fundamentals of Electrical Design,’’ by A. D. Moore, first 
edition, McGraw-Hill Book Company, Inc., New York, N. Y., 1927, 

pp. 95, 96. 

Professor of Mathematics, Illinois Institute of Technology, 
Chicago, Ill.; and Mathematical Consultant, Woodward Governor 
Company, Askania Regulator Company, Le Roi Engine Com- 
pany, and New York Life Insurance Company. 


One of the boundary conditions, namely, Equation [13], is the 
mathematical equivalent of the property that the surface of the 
coil is maintained at a constant temperature. Clearly, Equation 
[13] is indispensable to a description of the physical situation, 
and cannot be discarded or modified. This brings us to Equation 
[12], which states that, at the median plane of the plate, where 
£ = 0, (x = 0), the temperature attains a critical value, which, 
when the solution Equation [14] is obtained, turns out to be the 
maximum value of 6. For @ to take on its maximum at — = 0, 
it is not, however, necessary to have 


=0 {dd/dé = 0] 


It seems quite likely that the derivative with respect to z of the 
solution for @ in the problem in question does not vanish at z = 0, 
at least for the cases where Equation [14] yields negative values 
of @. 

If one allows z to be negative, the condition Equation [12] 
is not needed to obtain the author’s solution Equation [14]. 
If we write @ as 6(x), the symmetry assumption of the author’s 
paper makes Equation [12] superfluous since 6(—a) = @(z) im- 
plies that N = 0, which is all that one obtains from Equation 
[12]. If z is not allowed to take on negative values, some 
condition like Equation [12] is needed to determine VN. The 
author’s development is, however, valid for negative as well as 
positive values of z. 

Since by physical considerations, the solution @ of Equation 
[7] and its derivatives should be continuous for s 2 zx = 0, the 
solution of Equation [7] will in any case be given by Equation 
{11]. Also, by Equation [13] we have 


Mcoso + Nsinge = m/n 


If cos o ¥ 0, solving for M we have 
m (sme 1) +. (ain & — cos & tan ) 


From physical considerations (See Table 2 of the paper) it ap- 
pears that N should be chosen so that for s 2 z 20 (i.e.1 2¢ 
= 0) we have @ > 0, and @ decreasing uniformly from its value at 
x = 0 to its value at z = s, that is, over the range s = x 2 0, 
we must have dé/dr < 0. We remark that Equation [7], and 
6>0,n > 0 imply that 


< 0 


whence the (z, @) curve must be concave down over the range 

The relations @ > 0 and (d@/dz) < 0 are equivalent to the pair 
of inequalities 


N (sin — cos o tan oa) > 


N (cos + sin o tan oa) < 

n cosa 

which are linear in N. For each value of N which satisfies the 
foregoing inequalities, the solution obtained for @ in terms of N 
is one of the desired type. A mathematical study should be made 
of these inequalities in N to determine whether or not a solution 
N can always be found, and if so, among the possible solutions 
which value of N fits the actual physical situation. The value 
N = 0, obtained by the author in the cases he considered, satis- 
fies the inequalities mentioned, and is uniquely determined by 
the property that it yields for d@/dz the smallest possible numeri- 
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cal value at z = 0. It appears reasonable that, in any case, 
the desired value of N is that unique value which satisfies the in- 
equalities stated and makes dé/dr at x = O smallest in absolute 
value. 

That the particular solution, Equation [10], of Equation [7] 
has no physical meaning is in a sense not surprising, inasmuch 
as any solution of a differential equation will serve as the particu- 
lar solution used in its treatment. Even though this differen- 
tial equation is used to explain a physical situation, one would 
not expect every solution to be physically realizable. That the 
simplest particular solution of Equation [7], given by Equation 
{10], is not realizable in an actual coil is, however, rather novel. 

This paper is not only a significant forward step toward the 
understanding of heat in coils, but also emphasizes the need for a 
thorough mathematical and experimental analysis of boundary 
conditions. Such an analysis should yield the solution of coil 
heat problems for those cases considered in the paper, where 
present methods fail. 


V. Pascnxis.'! The author states, that his deductions apply 
also to exotherm chemical reactions, if certain conditions are 
fulfilled (heat of reaction increasing in linear proportionality 
with temperature). 

It appears to the writer, that this latter field of application 
(chemical reactions) is better represented in the paper than 
that of electric coils. 

The entire deductions are based on the definition of the 
“equivalent thermal conductivity” of the coil. In view of the 
fact that the thickness of the insulation amounts only to 26 per 
cent of the thickness per layer in one direction and to 23 per cent 
in the other, the assumption of a fictitious homogeneous body 
appears to call for proof by experiment. This would seem es- 
pecially so because of the very unexpected result of ‘‘infinite”’ 
temperature with current increased only 3.06 times. 


V. N. Tramontini.'2_ In connection with an investigation of 
the heat losses from small-diameter cylinders by free convection, 
the writer had occasion to make an analysis of a problem which, 
in many respects, is similar to the case of the temperature distri- 
bution in cylindrical coils which is so ably treated by the author. 
The problem, specifically, was the determination of the tempera- 
ture distribution across a small-diameter platinum wire carrying 
electric current and losing heat uniformly from the surface. 
The variation of electrical resistance with temperature was con- 
sidered and the thermal conductivity was assumed to be constant, 
whereas the author includes the variability of the thermal con- 
ductivity in his calculation. For platinum, the rate of change of 
thermal conductivity with temperature is less than one seventh 
as great as the rate of change of electrical resistivity. A further 
simplification was made in assuming the resistivity to be a linear 
function of the temperature. 

Setting up a differential equation by means of a heat balance 
for a differential ring of unit length, the writer obtained a solution 
of the same form as Equation [31], that is, the temperature dis- 
tribution as represented by Bessel functions of zero order. The 
author’s results, had they been available, could have been applied 
directly to the solution of this problem. 

The result of the numerical computation for a platinum wire of 
0.01 in. diam, with a voltage drop of 0.76 v per in. and a surface 
temperature of 212 F, showed that the radial temperature varia- 
tion was negligible. 


11 Research Associate, Department of Mechanical Engineering, 
Research Laboratory, Columbia University, New York, N. Y. 

12 Research Engineering, Division of Agricultural Engineering, 
University of California. Jun. A.S.M.E. 
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AuTHOR’s CLOSURE 


It is gratifying that the present paper has been discussed from 
such different viewpoints. The author was pleased that even a 
mathematician such as Mr. Oldenburger found certain results of 
the paper to be somewhat surprising. In his analysis, the fact 
that finite temperatures are possible only for rather restricted 
values of the thickness of the coil is interpreted from the ‘physical 
situation,” i.e. from the boundary conditions. He further states 
that, from a mathematical viewpoint, the practical case of the coil 
is only a special case of a wider mathematical complex covered by 
the differential equations used in the paper. The author, used to 
looking at a problem from a physical rather than from a mathe- 
matical viewpoint sees the solution of the puzzle in the fact that at 
any place of the coil an increase of temperature causes an in- 
crease of the electrical resistance, and an increase of the elec- 
trical resistance causes an increase of temperature if the electrical 
current is not changed. Hence only the relative strength of these 
two effects is decisive for the question whether the temperature 
increase is stopped at a finite temperature or never. 

Mr. Davis deals with the case of nonlinear dependence of 
q’’’/k on the temperature and gives a solution for a dependence 
of second order. Ona former occasion" the author has mentioned 
that for the relation 


dx? 


—4 


= ¥(0) 


where ¥ is an arbitrary function of 6, the general solution is 


with the constants of integration C, and C;. This corresponds to 
Davis’ Equation 72. However, from a practical standpoint it 
seems to be preferable to replace a nonlinear function y by two or 
more linear sections as an approximation and to apply to these 
the simpler solution for linear distribution as given in the paper. 

The author had an opportunity to see Mr. Tramontini’s un- 
published manuscript. In fact, Equation [31] has been derived 
there for the case of constant thermal conductivity. Certainly 
the writer will not have expected any considerable temperature 
difference in the cross section of the fine platinum wire under 
consideration except for excessively strong heating. 

Concerning Mr. Paschkis’ discussion the author refers to the 
second sentence of Part 1 of his paper. According to that state- 
ment he is confident that Rogowski and Vieweg’s coil with 1416 
windings in a cross section of 3 sq in. can be considered as a quasi- 
homogeneous heat source and conductor and that application of 
the theory to this and similar cases gives satisfactory results. 
Therefore the author would be glad if Mr. Paschkis were right 
with his carefully formulated judgment that the method seems to 
be more fit for chemical reactions than for electrical coils. How- 
ever, the author agrees with Mr. Paschkis in so far as a more ¢x- 
act experimental check of the theory than just by the tests of 
Rogowski and Vieweg would be desirable. 

The author learned from Mr. Norris’s discussion that Richter 
and Moore have determined the equivalent thermal conductivity 
using a graphical method for drawing the flow lines in the insula- 
tion. According to their curves the ratio of equivalent thermal 
conductivity to the conductivity of the insulation material of 
Rogowski and Vieweg’s coil would be 3.8, instead of 3.7 as found 
by the author’s less exact, but simpler method. This agreement 
is very satisfactory. 


13 “* Allgemeine Grundlagen der Wirmeuebertragung,” by M. Jakob 
in Der Chemie-Ingenieur, vol. 1, part 1, Akademische Verlagsgese!!- 
schaft, Berlin, 1933, p. 182. 
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Another item discussed by Mr. Norris is the case of a fixed heat 
dissipation which is essential for the precalculation of a coil. 
There is another practical case, namely, to find the maximum tem- 
perature of a given coil for a given amperage. Measurements of 
the electrical resistance of the coil, cold and under load, yield 
the mean temperature excess 0, The maximum temperature 
excess 09 = 6,,/¢. For the case of the plane plate, the old theory 
gave ¢ = 2/3, throughout. The new theory gives values of ¢ 
between 2/3 and 2/7. 

For the case, dealt with by Norris, Equation [24] yields 0, = 
66 C. Then, according to the old theory, % = 1.5(66) = 99 C 
instead of 100 C, according to the new theory. The difference in 
this procedure is so small because here (d@/dé)¢ =, is not the 
same for both theories. Applying the old theory, d@/dé = 


—20, = —2(99) = —198 C; applying the new theory, d6/dé 
= — _ _1.91(100) = —191C. This shows that, using 
1 — cose 
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the old theory for calculating 4 from 6,, a 3'/: per cent too steep 
temperature gradient at the surface has been supposed; however, 
Fig. 1 shows that with a steeper gradient at — = 1 and parabolic 
temperature distribution the same point as in the new theory 
may be reached at £ = 0, that is % may come out all right. As- 
suming a fixed value of 6,, namely, the one found by measurement, 
the temperature-distribution curves for the old and new theory 
in a 6,¢-diagram will intersect between — = Oandé = 1. 

It is seen that engineers neglecting in their calculations the 
influence of nonuniformity of heat generation in a coil, had just 
luck; they scarcely will have foreseen that the two errors in- 


volved, in using the old theory, namely, too steep temperature 
drop at — = 1, and parabolic instead of cosinoidal temperature 
distribution, might cancel one another almost entirely. How- 
ever, it is comforting that this happens, as Mr. Norris remarks at 
the beginning of his discussion. 


| 


‘ 


Two- and three-dimensional steady-flow heat-conduc- 
tion problems are readily solved to any degree of approxi- 
mation by application of the relaxation method introduced 
by Southwell. Except for the simplest geometric shapes 
and boundary conditions, the relaxation method is far 
superior to analytical methods of solution in point of time 
required to reach a given desired accuracy. The relaxation 
method has the further advantages of permitting the cal- 
culator to put into the calculation all the physical intui- 
tion he may have about the problem and, at the same time, 
to know at each step just how seriously his solution still 
differs from the correct answer. By an extension of the 
method, one-, two-, and three-dimensional transient-heat- 
flow problems are easily solved. For one-dimensional 
problems, the new method is identical to the graphical 


method of Schmidt. 


INTRODUCTION 


The steady-state one-dimensional transfer of heat is easily cal- 
culated by the use of Fourier’s heat-conduction equation 


The symmetrical transfer of heat between concentric cylinders 
and spheres is essentially a one-dimensional problem and yields 
to Equation [1]. The result is most simply expressed in terms of 
mean areas; log mean for cylinders and geometric mean for 
spheres. 

For all other problems of steady-state heat conduction and all 
problems of nonsteady heat conduction, the analytical solutions 
are’ not very simple and recourse is made, when possible, to 
experimental (1)? or graphically presented (2) results. 

Many attempts have been made to derive solutions by nu- 
merical and graphical methods. Schmidt (3), in 1924, published 
his graphical method of solution of nonsteady conduction prob- 
lems. This method has been used many times without essential 
change (4, 5). 

The corresponding numerical methods for solving the LaPlace 
equation have generally not been concerned directly with the 
steady-state heat-conduction problem but are, of course, directly 
applicable. Some of the attempts have been described (6, 7, 8, 9). 
All these methods are laborious at best and leave much to be de- 
sired from a practical point of view. 

It is only with the introduction of the idea of relaxation by 
R. V. Southwell (10) that the numerical method comes to life as 
a practical method of solution. In the following section, the 
relaxation method for the solution of steady-state heat-conduction 


’ Assistant Professor of Mechanical Engineering, Graduate School 
of Engineering, Harvard University. Jun. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
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problems in two and three dimensions is given. The method is 
identical to that of Southwell (10), except that the physical pic- 
ture has been recast in terms of heat flow rather than forces on a 
soap film. In a final section, the generalization of the method of 
Schmidt (3) for solving nonsteady heat-flow problems is given 
and its connection with the relaxation method is noted. 


SoLuTion or Sreapy-Sratre 
PROBLEMS 


NUMERICAL 


To illustrate the method of relaxation consider the two-dimen- 
sional problem of Fig. 1. Suppose the temperature is known on 
the boundary and that the temperature distribution and heat 
flow inside are desired. Instead of considering the body as a 
continuum, let it be replaced by a net of conducting rods. Each 
rod, between points 0-1 for example, represents the material in 
the small square drawn, in so far as the conduction of heat in the 
horizontal direction is concerned. Thus, the heat conducted to 
point 0 from point 1 along the rod 1-0 is 


where 7, To are the temperatures of points 1 and 6, respectively ; 
k is the thermal conductivity of the material; 6 is the length, in 
the third dimension, of the body being considered. 

Conduction of heat along the rods 2-0, 3-0, 4-0 yield similar ex- 
pressions, the total being 


Qo = BAT: + Ts + Ta + (3) 


Since k, b are constants for a given solution, it is more convenient 
to use the heat flow 
, 

Qo map Tat t+ [4] 

This can be considered as the heat flow in altered units, the unit 

being the amount of heat that would flow along a rod with 

unit temperature difference. 

Term Q’ represents the rate at which energy must be removed 

from point 0 if its temperature and that of the surrounding points 

are to be maintained fixed. Thus the term Q’ is the strength 


Y 
x 
Fie. 1 


Q dT 
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of the heat sink required at each of the lattice points. For 
steady-state heat conduction Q’ must be zero at every interior 
point.* Boundary points may have any value of 7’ or Q’ con- 
sistent with the boundary conditions. Along a boundary of fixed 
temperature, Q’ may have any value. Along an insulated bound- 
ary Q’ must be zero as at interior points. Along a boundary 
where a heat-transfer coefficient is given, Q’ must be related to 
the boundary temperature 7) by use of the equation 


where 7’, is the surrounding temperature from which heat is 
being transferred. 

To solve a problem, lay out the two-dimensional region to scale 
and put on a square net of points. It is well to start with only a 
few points, that is, a large value of 6. Next, assume values of 
the temperature at each point and calculate the strength of sink 
Q’, required to maintain it. At this point enters the idea of 
relaxation. Consider first the point of largest Q’. Make this 
value zero by changing the temperature of the point. Accord- 
ing to Equation [4], a change of Qo’ equal to —4 times the change 
of 7» will result while Q,’, Q2’, Qs’, Q,’ will change by the change of 
To, all other temperatures being held constant. Thus, Equation 
[4] describes the relaxation pattern of Fig. 2, which shows the 
way in which a sink originally at point 0 is distributed to points 
1, 2, 3, and 4 by changing the temperature of point 0 by one unit. 

The final condition that Q’ equal zero at all interior points is 
met by a continued application of the relaxation process aided 
with whatever physical intuition the calculator is able to add. 
Thus, if the temperature appears to be rising in a certain region, 
overshoot the zero conditions of Q’ so that the temperature will 
rise more rapidly toward its final value. No harm is done by 
overshooting the final value of temperature, as successive calcu- 
lations will establish it again. 

A simple problem is solved in Fig. 3. All the work is shown. 
Two successively more accurate solutions are shown. Each new 
solution starts from the results obtained in the previous one. 
The heat loss from the entire furnace is found by applying Equa- 
tion [2] to all the rods which start from the inside wall. In the 
successive solutions, the thermal resistance takes successively 
more accurate values. 


3 In the Appendix, a more rigorous derivation of the finite-difference 
formulas from the differential equations of heat conduction is given. 
The derivation in the paper is preferred only because of the physical 
picture related to the calculations. 
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The speed and accuracy of the relaxation method of solution 
can be judged from Table 1, in which the time for solution and the 
deviation of the results from experimental values are given. A 
computing machine is not required for the relaxation method. 
The same problem solved by the method of Shortley and Weller 


TABLE 1 TIME FOR SOLUTION AND DEVIATION FROM 
EXPERIMENTAL RESULTS 


Calculated thermal Deviation from 


Number of resistance, Btu experimental Hours required 
points used per deg F per hr solution, per cent for calculation 
Two-dimensional problem 
By arithmetic- 0.0735 15.3 0.05 
mean area kb 
By logarithmic 0.0758 11.9 0.08 
mean area kb 
12 0.0806 5 0.75 
kb 
19 0.0825 2.8 1.75 
kb 
Three-dimensional problem ~ 
By arithmetic- 0.0167 36.3 0.05 
mean area kL 
By geometric 0.0204 22.0 0.05 
mean area kL 
31 0.0229 12.6 1 
kL 
145 0.0252 3.9 10 
kL 


(7) took 11 hr with the use of a calculating machine. 

The great ease of the relaxation method prompted a student, 
Mr. Frank Lockard, to attempt the corresponding three-dimen- 
sional problem. His solution is given in Fig. 4. Each point is 
surrounded by six other points by using a square lattice of points. 
The corresponding formulas are: For six points surrounding each 
point Fig. 5 


1Q0 = k 5 (T; Trev ec eer 


Q’ = (7, +7:+ 73+ 7, + 7s + Ts— 67»)... (7) 

An intermediate number of points between the solutions, Fig. 4 

(a and 6), could have been obtained by surrounding each point 

with eight points, by using a body-centered square lattice of 

points. For eight points surrounding each point, Fig. 6, the 
formulas are 


Q’ = (Tr + T2 + + To +75 4+ + + Ts— 87>) 
(9) 


Only the results are shown in Fig. 4. Note the check of the 
final value for the thermal resistance with the experimental value 
obtained by Langmuir (1). Table 1 summarizes both the two- 
and three-dimensional solutions and their checks with experimen- 
tal values. 


Numericau So.ution or Nonsteapy 
PROBLEMS 


In the consideration of a steady two-dimensional heat flow in 
Fig. 1, sinks of heat were required at each lattice point to main- 
tain constant point temperatures until the relaxation method 
removed the excess heat flow. Consider the five points of a two- 
dimensional lattice shown in Fig. 7. The excess heat flow to 
point 0, Qo of Equation [3], is physically used to heat the material 
in the surrounding square. The change of temperature of this 
material during time 6, is related to Qo by 


= pd%e{ To(t + [10] 
By substituting Qo from Equation [3] 
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Start solution with linear tem- 
perature distribution 


Relax Q’ to get final temperature 
Heat transferred is 
4.5 
Q =kbd{ 232 + 208 +  X 202 
5 
= 622 kb 


Thermal resistance 
~ $Q 8 X 622 kb kb 
Superscripts indicate step of cal- 
culation 
° = Original values 
1.23 == Successive steps 


Start with solution of course net 
lig. 3a 


Relax Q’ to get final temperature 
Heat transferred 


Q=kb X111 +2 X 102 
4 
= 102 
+5102) 
= 606 kb 
Thermal resistance 
AT 400° 0.0825 


ha) 
8Q 8 X 606 kb kb 
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(Ti + + Ts + Te —4T0)5, = — {T(t + —To}.. [11] 


where a = = thermal diffusivity. 


Since 6, is an arbitrary (small) time increment choose 


Then Equation [10} becomes 


Ti+ Ti + Ti t+ 
4 


To(t + &) = 


This equation, derived in a more rigorous but less physical way, 
has been the basis of most of the previous numerical methods for 
solving LaPlace’s equation (6, 7, 8, 9). These methods of solving 
the steady-state heat-conduction problem start from an arbitrary 
temperature distribution and proceed, essentially as nature pro- 
ceeds, toward the steady-state values. Southwell’s relaxation 
method is thus seen to make its big gain in ease of solution by 
cutting loose from the physical method of heat-flow equalization 
and by substituting an arbitrary process under the direct control 
of the calculator. The less convenient process of Equation [13] 
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is now reserved for the solution of the two-dimensional non- 
steady heat-flow problems. Fig. 8 illustrates such a solution. 

Problems of nonsteady heat flow in a rod can be similarly 
attacked and yield the equations 


hel, 


2a 
corresponding to Equations [12] and [13]. The graphical method 
of E. Schmidt (3) is based on Equation [14], which indicates a 
simple averaging process accomplished by drawing straight lines. 
Thus, this well-known graphical method of solution of one- 
dimensional transient-heat-flow problems is closely related to the 
— methods of solution of two-dimensional heat-flow prob- 
ems. 


Appendix 


DERIVATION OF DirFERENCE Equations From D1rreRENTIAL 
EQUATIONS 


In this paper, the physical problem of one, two, or three dimen- 
sions has been replaced by an approximation in which a network 
of conducting rods replaces the physical continuum. Engineer- 
ing problems always involve more or less inaccurately known 
boundaries or boundary conditions so that the rod approximation 
can always be chosen with “sufficient accuracy.” The equations 


derived in the paper are exact for the physically approximate rod 
problem. The same equations can be derived for the physically 
more exact continuum by converting the exact differential equa- 
tion to the approximate difference equation. 

To illustrate, consider the two-dimensional nonsteady heat- 
conduction problem described by 


oT eT 
By definition of the partial derivative 
ot 


As an approximation, the limit operation can be omitted provided 
3, is “sufficiently small.” In the same way, referring to Fig. 1, 
the second derivatives can be approximated as follows 


4) Tolt) — TY) 


ox 6 
_ — Tod 
6 


Therefore 
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oT ox /o oz /s T(t) 2Td(t) + T;3(t) 


~~ 


Ox? 6 


By substitution of such expressions into the differential Equation 
{15], there results the approximate finite-difference equation 


To 118] 


For steady-state conduction, the left side of Equation [18] must 
be zero for all interior points, and thus follows Equation [4] of the 
paper with Q’ = 0. 

For nonsteady conduction put 


which is possible since 5, and 6 are arbitrary small quantities. 
Equation [18] then becomes 


7. 
4 


Equations [19] and [20] are identical to Equations [12] and [13] 
of the paper. 


To(t + &) = 
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Discussion 


G. M. DusinBerre.* The writer and others had been working 
on a heat-transmission problem which presented some unusual 
features. About a week before the Annual Meeting (1942), 
this problem was offered to the author for solution by the numeri- 
cal method. The fact that an analytical solution had already 
been obtained gives a further check on the accuracy of the 
method, but the impressive point is the speed with which 
the author obtained a solution. 


* Assistant Professor of Mechanical Engineering, Virginia Poly- 
technic Institute, Blacksburg, Va.; now on duty at U. S. Naval 
Academy, Annapolis, Md. Mem. A.S.M.E. 
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The problem was to determine the surface and _ interior 
temperature distribution in a waterwall boiler tube exposed to 
the furnace on one side only. The following assumptions were 
considered justified by the physical situation: 


(a) Conduction in the axial direction of the tube was neg- 
ligible, giving a two-dimensional steady-state problem. 

(b) There was negligible film resistance on the water side, 
making the inner boundary isothermal at the temperature of the 
evaporating liquid. 

(c) Conduction was negligible across the outer semicircum- 
ference away from the fire. 

(d) Convection was negligible on the exposed semicircum- 
ference, leaving only radiation to consider. 

(e) In regard to the net radiation, variation in the tempera- 
ture factor and emissivity factor was negligible, leaving only the 
configuration factor to consider. 


Under these conditions the specification for the exposed 
boundary is the heat input per unit area or, mathematically, 
the normal derivative of the temperature. 

The particular condition offered for analysis was that of 
parallel symmetrical radiation, resulting in uniform heat input 
per unit of projected area or a cosine distribution per unit of 
developed area. 

Perhaps a brief account of the writer’s experience with this 
problem will illustrate the merit of the author’s numerical 
method. 

An experimental solution was first attempted, using an elec- 
trical analogy. A copper disk represented the isothermal interior 
of the tube. A sheet of gelatin made slightly conducting repre- 
sented the tube metal and the region exterior to the tube. A 
second copper terminal served to feed in current. Noncon- 
ducting boundaries were represented by trimming away the 
gelatin. Equipotential lines, representing isotherms, were deter- 
mined with a pair of probes. Curves were obtained showing the 
general trend but the results were not considered satisfactory, 
because of the failure to represent the discontinuity at the tube 
surface. (This, however, could have been corrected by sub- 
dividing the electrolyte outside the region representing the 
tube.) 

A study was then made of numerical methods but the literature 
did not reveal a satisfactory method of dealing with a boundary 
where a partial derivative rather 
than the function itself was 
given. 

Finally the analytical method 
was used and solutions obtained* 
for this case and some others. 
This involved painstaking evalu- 
ation of Fourier coefficients fol- 
lowed by laborious computation 
of a large number of points, each 
requiring five or six terms of the 
series. The only check against 
errors of computation was the 
fairness of the plotted curves, 
and this check was available 
only at the last stage of the 
work. 

The results of the analytical 

| solution are shown as Fig. 9 of 
7 this discussion and may be com- 
Fis. 9 pared with the author’s results. 


‘ Only with the assistance of the writer’s associates, Messrs. 
W. S. Kimball and H. G. Elrod. 
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The author can state the time which was required for his work. 


M. Jaxon.’ The author called the method of finite differences 
for determining the temperature change in transient heat con- 
duction ‘“Schmidt’s method” as usual. Recently, however, 
the writer discovered that almost the same method was used and 
published long before Schmidt’s first publication® in a doctors’ 
dissertation of Binder which has appeared in book form.’ Al- 
most six pages of this booklet are devoted to that method. It 
is not generally known either that the firs. application of the 
method to cylindrical and spherical bodies is due to two French 
engineers, Nessi and Nisolle.® 


C. F. Kayan.® As one who has tackled the problem of heat 
flow from the viewpoint of the electrical-conduction analogy, 
the writer wishes to compliment the author on this new de- 
velopment. That it should prove a very useful tool in solving 
heat-conduction problems must be readily appreciated, although 
it would appear to have better applicability to certain problems 
in the steady state rather than to problems in the transient state. 

Is it possible to start with only a few points and later to add 
more, or must the points be used immediately from the very 
start? The small amount of time required is indeed attractive, 
and the question arises as to whether on detailed refinement the 
time is greatly increased, or just merely increased proportionally 
to the number of points involved. Thus, it might be possible 
to start with a rough “survey” first, and then follow up on 
detailed analysis only where needed. 


V. Pascukis.'!° In closing his presentation, the author stated 
that each of the various methods of solving heat-flow problems 
has its field of useful application. This statement is as true as 
it is important. 

He mentioned two methods based on the application of finite 
differences, i.e., the graphical method and the numerical. 
There is, however, a third method, that of electrical analogy. It 
isespecially well adapted to the treatment of transient phenomena. 

It is remarkable how close this method is related to the numeri- 
cal method, presented by the author. Instead of “rods” take 
resistors, representing the thermal resistance, and add at the 
intersection of the rods, electrical condensers (representing 
the thermal capacity), and you have the complete scheme of the 
electrical network used for the solution of heat-flow problems. 

The network previously described has been arranged at 
Columbia University so as to be very flexible capable of solving 
a great number of problems. 

In weighing the speed of work of numerical solution as against 
the electrical method, the question of periodic heat flow, possibly 
covering long periods, or very slow transient phenomena should 
be mentioned. In this case, the electrical method seems ad- 
vantageous. 

In his work with the electrical analyzer, the writer has en- 
countered some interesting questions, which probably the 
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numerical and the electrical method have in common. Refer 
to Fig. 10 of this discussion, representing two plates. Heat is 


generated by friction at the interface. How should the section 
be taken (for transient or periodic heat flow)? 

Taking nonsquare sections (e.g. thin and long) will yield 
wrong results (obscuring lateral heat flow). 

Taking thicker sections is inaccurate, because most of the 
phenomena occur very close to the surface. 

Taking many small square sections increases the amount of 
work considerably, especially with the numerical solution. 


---—b -----—-—- 
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Suggestions of how to proceed with subdividing for the nu- 
merical solution would be very interesting. 


L. T. Wricut, Jr.'"! Conduction is the mode of heat transfer 
which lends itself most readily to analytical study, but it is 
interesting to notice that engineers are really just beginning to 
consider any but the simplest cases of steady conduction. 

Several comments on the numerical solution of unsteady- 
heat-conduction problems by the approximation method first 
introduced by Schmidt may prove useful. For materials with 
high thermal diffusivity (such as concrete), the simplification 
introduced by taking 5, = 5,?/2a leads to an inconveniently large 
number of time increments when small space subdivisions are 
used. For example, in the case of a 3-in. layer of concrete with 
a = 0.045 sq ft per hr, the first approximation might well start 
with three subdivisions of the layer. Thus with 6, = '/n = 
0.0833 ft, 5, = 0.077 hr, or 4.6 min. If the calculations are to 
be carried for a period of 24 hr, there will be some 1250 entries 
in a tabular solution for just the first approximation. If the 
next approximation uses a value of 6, one half as large as the 
preceding one, the number of entries in the tabular solution will 
be approximately 8750. The writer attempted to overcome this 
difficulty by using a different relationship between 6, and 5,, but 
it was found that convergence was poor. 

In some cases a relatively small value of 5, must be used to 
obtain a good approximation of the accurate solution. It was 
found that a good approximation to the accurate solution at any 
particular time t’ could be obtained from three or four rough 
approximations using large values of 5, by plotting the tempera- 
ture at ¢’ found from these approximations against 5, and ex- 
trapolating to 5, = 0. 

One important type of unsteady-conduction problem is that 
in which the condition of periodicity in time replaces an assumed 
initial-temperature distribution. The unsteady heat flow in a 
building wall, due to the variable outdoor-air temperature and 
the variable solar radiation, is of this type. While an initial 
distribution of temperature may be assumed in this case, it will 
require the results of the calculations of at least two complete 
daily cycles to remove the effects of a wrong initial assumption. 

The Schmidt method may be extended to the case of two or 
more materials in series. In this extension, it is not always 


11 Instructor of Heat-Power Engineering, Cornell University, 
Ithaca, N. Y. Jun. A.S.M.E. 
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possible to take 5, = 6,?/2a in each of the materials, for 6, must 
be the same for each material. This requires that the ratio of 
the thicknesses of the materials must be some integral multiple 
of the square root of the ratio of their thermal diffussivities; 
ie., must be an integral multiple of \/(a:/a2). 

There are available, in general, three methods of solving a heat- 
conduction problem; an analytical solution, an approximate 
numerical solution, or a solution by electrical analogy. The 
solution by electrical analogy can usually be ruled out from the 
start because of the very limited availability of the expensive 
and complicated equipment required. The choice in the usual 
case lies then between an analytical solution and an approximate 
numerical solution. If the problem under study is a specific 
problem dealing with given materials and conditions, the nu- 
merical solution is probably the better. If, however, the problem 
is a general study, such as the general effects of various thermal 
properties of the materials, the writer believes that an analytical 
solution with its attendant calculations will prove more useful 
than a number of approximate solutions. For example, in the 
study of the general effects of the thermal properties of building 
materials on the unsteady heat conduction through building walls, 
the use of numerical solutions requires more time than does 
the analytical solution. 


AUTHOR’s CLOSURE 


The relaxation method makes generally available to engineers 
accurate solutions of complex steady heat-conduction problems 
which would not be attempted by conventional analytical or nu- 
merical methods. The water-tube problem suggested by Mr. 
Dusinberre is typical. The numerical solution of this problem 
using the new method was obtained in about 10 hours. The 
analytical and numerical solutions were identical when drawn 
to a scale about three times the size of Fig. 9 of Mr. Dusinberre’s 
discussion. During the 10 hours spent on the problem, three 
successively more accurate solutions were obtained; the first 
one of which would have been adequate for most practical pur- 
poses. The first approximation was obtained in 2 hours, the 
second at the end of three hours. Of the two hours spent on the 
first approximation, only 15 minutes was required for the relaxa- 
tion process, the other 1*/, hours was required for the transforma- 
tion and boundary-condition calculation. 

Several features of this water-tube problem are different from 
those described in the paper and make it worth a few words of 
explanation. The concentric cylindrical form makes it difficult 
to replace the conducting continuum by rods in the manner de- 
sired, and the variable heat-flow boundary condition needs some 
special treatment. When solving a problem by numerical meth- 
ods, facts disclosed by the conventional analytical methods should 
not be forgotten. Instead of solving Laplace’s equation for the 
temperature in the z, y (real) plane, it is better to transform con- 
formally by z = In r and solve the problem in the z, @ plane. It 
is well known that Laplace’s equation is invariant on conformal 
transformation so that the net of points is placed in the rectangu- 
lar region in the z, @ plane. 

To treat the boundary condition, it is first transformed to the 
z, 6 plane by the foregoing defintion of z. Thena special formula 
is set up for the boundary point 


1 1 oT 
[21] 


Here Q’ is to be relaxed to zero by this special relaxation pattern. 
oT 

Since the boundary heat flow term om is constant it enters in 


calculating Q’ at the start of the problem but never enters the 
relaxation pattern, and thus does not affect the ease of solution. 
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The addition of fins to the watertube can be handled rather 
easily in the z, @ plane by the addition of the appropriate conduct- 
ing rods. In this case, it might well be desirable to add extra 
points on a finer net in the vicinity of the fins in order to improve 
the accuracy in the region of more rapidly changing temperature. 
At any time during a solution, extra points can be added in re- 
gions that require them. 

Mr. Kayan’s idea of using a few points for a rough survey 
followed by more points where needed is exactly what should be 
done. The work of relaxation is proportional to the number of 
points used, so that a fine net should only be used where tempera- 
ture gradients change rapidly. 

The remainder of the discussions were directed to the solution 
of transient-heat-flow problems. These problems are not solved 
by the use of the relaxation idea. Their solution is a slight modi- 
fication of the standard finite-difference methods and is related 
to the relaxation method, as noted in the paper. As Mr. Wright 
specifically notes, the simplest relation between 6, and 6, some- 
times yields awkward increments requiring many points. This 
is perfectly correct and no development of numerical methods to 
date can offer much help. It is in this field of transients that the 
electrical networks offer promise. 

It is not clear to the author exactly what problem is intended 
in Fig. 10 of Mr. Paschkis’s discussion, but in general the nu- 
merical method of treating any problem with some sort of discon- 
tinuity is a matter of piecing together known facts. It is be- 
lieved to be correct to say that no method of solution makes 
greater use of all that is known a priori about the problem. In 
this case, for example, as far as the discontinuity and its immedi- 
ate neighborhood are concerned, the bodies are semi-infinite 
solids. Analytical solutions for such discontinuities are known 
and generally simple, Thus, the numerical solution would 
proceed from the external boundaries and overlap the known 
solution (for the discontinuity in a semi-infinite solid), The 
numerical solution would thus alter the known solution in all 
regions which are affected by the real external boundaries. Fig. 
10 could well be treated in this way. 

Several individuals have privately requested that a list of things 
to be considered in solving a problem numerically be added to the 
discussion as a guide to others attempting such solutions. It is 
impossible to give any rigid set of instructions for a method the 
beauty of which lies in its flexibility. However, operating in- 
structions would run about as follows: 


1 Study the problem, mentally, until all conditions are clearly 
understood, especially the discontinuities, and all ‘obvious” 
facts are discovered. The “obvious” of course varies with the 
computer, but the more the better. 


2 Transform the problem into vne with as nearly rectangular 
boundaries as possible using only “simple” transformations. 
By simple is meant something considered simple to the operator. 


3 In the transformed problem (or original if no simple trans- 
formation is known) note all discontinuities (if any), and replace 
them by known solutions good in their immediate neighborhood. 
For steady-state-conduction problems, the most common dis- 
continuity is the point source whose solution is the logarithmic 
radial temperature distribution in the immediate vicinity of the 
source. 


4 Divide the conducting material into a conducting-rod net- 
work with a few points only; about a dozen is usually enough as 
a starter. 


5 Derive any special formulas needed for the boundary con- 
ditions. 


6 In an auxiliary freehand sketch make a “first-approxima- 
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tion” solution by the field-mapping method. This is useful but 
not an essential step. 


7 By the result of item 6 plus all known facts, guess values 
of the temperatures at all net points. 


8 Calculate Q’ for all points, using the special formulas of 
item 5 for the boundary points. 


9 Relax Q’ beginning at points where Q’ is largest. Hf all 
points surrounding a given point 0 have Q’’s with the same sign 
as Qo be sure to overshoot the zero of Q’o by a considerable mar- 
gin, perhaps leaving a Q’o of almost the same magnitude but op- 
posite sign. If a group of adjacent points have nearly the same 


Qs, change them as a group; i.e., change all the temperatures 
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by the same amount and use Equation [2] of the paper for each 
rod individually, only rods going out of the group being 
counted 


10 After Q’ has been reduced to zero for every point, add 
more points on a finer net and follow steps 8 and 9, if additional 
accuracy is desired. 


11 After the desired number of points has been calculated 
check Q’s to discover any errors introduced during the work. 
If any Q’s remain relax them as before. 


12 From the solution retransform to the real plane or calcu- 
late the desired heat flows from the temperature gradients found 
in the solution. 
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Effectiveness of Shear-Stressed Rubber Com- 
pounds in Isolating Machinery Vibration 


By BAXTER C. MADDEN, 


This paper is concerned with determining the effective- 
ness of rubber compounds in resilient mountings in the 
isolation of vibrating machinery where the rubber com- 
pound is stressed principally in shear. Seven rubber 
compounds were investigated. Certain considerations to be 
taken into account when appraising the effectiveness of a 
resilient mounting are stated. A dimensionless criterion 
is developed for the effectiveness of a rubber compound in 
terms of physical properties measurable by testing appa- 
ratus. The criterion is evaluated for each of the seven 
compounds. The results indicate that the criterion is 
worthy of consideration. 


UBBER has been widely used as the elastic medium in 

machinery mountings because of its resiliency, inherent 

damping, lack of static friction, excellent sound-absorbing 
quality, strong adhesion to metal, and because it requires no 
lubrication. While gum-rubber compounds may not be availa- 
ble for some time, the principles set forth may be applied equally 
well to rubberlike materials. The general problem of the miti- 
gation of machinery vibration by means of elastic mountings is 
well covered by many authors (1, 2, 3, 4, 5). 

The investigation (6), upon which this paper is based was con- 
cerned with the determination of the effectiveness of various 
rubber compounds, stressed principally in shear, in the isolation 
of vibrating machinery. This refers to the mechanical and dy- 
namic properties of unaged rubber compounds, without reference 
to qualities such as drift, oxidation, or continuation of vuleaniza- 
tion, 

In this investigation, the general case of a machine supported 
by an elastic mounting, in which 6 deg of freedom exist, was re- 
duced to an idealized system having only 1 deg of freedom, 
namely, linear deflection along one axis. The experimental 
equipment was so constructed that the test specimens were 
loaded dynamically and subjected to shear in one direction. In 
most machinery installations it is possible to design a rubber 
mounting in which all troublesome modes of vibration cause shear 
deformation of the rubber element. Thus the results of this in- 
vestigation are applicable to installations in which more complex 
vibrations exist. 


Strupy or Rusper Macuinery Mountincs 


The first phase of the investigation was to learn the behavior 
of typical rubber compounds when subjected to vibration simu- 
lating service conditions of machinery mountings. This involved 


' This paper was prepared from the author's thesis entitled, ‘The 
Effectiveness of Shear-Stressed Rubber Compounds in the Isolation 
of Vibrating Machinery,” submitted in partial fulfillment of the 
requirements for the degree of Master of Science at the University of 
California. 

— Air Corps, Army Air Forces Matériel Center, Wright 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Aviation Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of THE 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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the use of a typical mounting, the style and important dimensions 
of which are indicated in Fig. 1. Seven such mountings were 
made, each employing a different composition of rubber. These 
compositions, together with the cure and hardness, are shown in 
Table 1. The chemical components and the hardness values 
agree generally with those recommended for motor mountings by 
well-known suppliers of rubber-compounding materials (7, 8). 
Hardness tests, using a type A Durometer, of 22 mountings, 
used in 12 makes of 1941 model automobiles, revealed values for 
the rubber ranging from 33 to 57, the average being 41. The 
rubber compounds used in the investigation were therefore con- 


TABLE | COMPOSITIONS OF COMPOUNDS TESTED 
Designation of compound A B D F G J K 
Parts by weight: 
Smoked sheet (rubber).......... 100 100 100 100 100 100°) 100 
Channel carbon black. : 20 20. 50 
Gastex carbon black... . 20 20 ‘ 
P-33 carbon black.... 25 25 . 
1.56 1.5 1.5 2.0 2.0 1.0 3.0 
Neozone (phenyl-a-naphthyl- 
Neozone D (phenyl-8-naphthyl- 
Ureka C (benzothiazyl-thio-ben- 
. 06 0.6 0.6 
Zimate (zine dimethyl-dithio-car- 
; 0.1 0.1 , 
Zine oxide..... 5 5 630 5 5 5 3 
Guantal (diphenyl-guanidine- 
phthalate) 0.4 04 0.4 
Sulphur..... . 80 3.0 3.0 2.5 2.5 2.0 3.0 
Cure: 
Time, min.. Seat 25 25 25 20 40 40 40 
Temperature, F BOT BOT BOT BOT WT 
Hardness: Durometer ‘‘A’’........ 40 47 52 43 45 30 60 
Notre: Compound K contained 1 part Heliozone (a wax) 


sidered as approximately representing the range of chemical com- 
position and hardness encountered in successful applications of 
rubber machinery mountings. 

The laboratory testing apparatus consisted essentially of a 
motor-driven eccentric with a connecting rod which imparted a 
practically simple harmonic vertical motion to B (see Fig. 1), the 
amplitude of which was approximately 0.0015 in., the frequency 
being variable from zero to 50 cycles per sec. A dead-weight 
load on A was variable, approximately from 10 to 100 lb. The 
motions of both A and B were restricted substantially to vertical 
displacements by means of radius rods approximately 4 ft long. 
Two modified Geiger torsiographs, one connected to each member 
of the mounting, were so arranged that the vibrations of A and B 
were recorded simultaneously on the same paper tape. Thus the 
frequency of the vibrations at any instant could be measured, as 
well as the amplitude of A and the amplitude of B. With B 
stationary, it was possible to displace and suddenly release A, re- 
cording the ensuing free vibration of A. In this manner the 
natural frequency of the free vibration of the loaded mounting 
was determined. Deflections over a range of static loads were 
found by applying known weights and measuring the deflections 
recorded by the torsiographs. 


BEHAVIOR OF SHEAR-STRESSED RuBBER MountTING 


It was theorized that a shear-stressed rubber mounting might 
behave similarly to a steel spring with a dashpot connected to its 
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(Steel, brass 


plated ) 
Y 


Cc 
(Rubber vulcanized 
to A and B) 


B 
(Steel, brass 
plated) 


Fie. 1 oF TypicaAL RuBBER MacHINERY MountinG USED 
EXPERIMENTALLY 


terminals to provide viscous damping. In any resiliently 
mounted machine having vibratory forces set up within it, the 
ratio of the periodic force, transmitted to the foundation structure 
by the mounting, to the periodic force impressed upon the ma- 
chine is defined as the transmissibility of the mounting, under the 
given conditions of imposed static load and frequency of impressed 
periodic force. The transmissibility of a spring and dashpot 
system, such as that described, supporting a mass upon which is 
impressed a periodic force, is expressed mathematically by the 
following equation‘ 


* See Bibliography reference (1), pp. 74-84. 
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where 
e = transmissibility 
c = damping force per unit velocity, lb per in. per sec 
c, = critical damping force per unit velocity,’ lb per in. per sec 
w = frequency of impressed periodic force, radians per sec 
w, = natural frequency of free vibration of machine when 
secured to resilient mounting, radians per sec 


It may be shown that for any given vibration frequency the 
ratio of the amplitude of A to that of B (Fig. 1) is a direct measure 
of the transmissibility of the mounting. 

On each of the seven experimental mountings, runs were made 
covering the frequency range and the load range of the apparatus. 
For each load, w, was determined experimentally. At each of 
several operating speeds the value of « was computed from the 
transmitted amplitude and the impressed amplitude recorded on 
the tape. Experimentally obtained values of « were plotted 
against corresponding values of w/w,. Comparing the resulting 
curves with similarly plotted curves derived from Equation [1], 
using trial values of c/c,, it was found that very close agreement 
existed between experimental and theoretical curves. The 
apparent value of c/c, remained practically constant for each 
rubber compound, being affected but little by changes in load. 
The compound with least damping indicated a value of c/c, of 
0.023, while that with most damping indicated 0.071. 


5 See Bibliography reference (1), Equation [22], p. 44. 
6 See Bibliography reference (2), chapter 11. 
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Resilient mountings for machinery should be designed so that 
w, lies somewhere between one third and one tenth of the normal 
operating speed of the machine. If w/w, is less than 3, not much 
advantage is to be gained from the employment of a resilient 
mounting (see Fig. 2); if w/w, is greater than 10, the machine 
usually lacks the necessary stability because of the deflection of 
the mounting per unit applied load becoming excessive, which 
follows from the necessity of making w, small. Observation’ 
indicates that the normal operating speed of a resiliently mounted 
machine is usually such that the value of w/w, is well within the 
range of 3 to 10. 


REsvutts OF First PHASE OF INVESTIGATION 


The results of the first phase of the investigation pointed to 
the following conclusions regarding shear-stressed rubber machin- 
ery mountings: 


1 They behave substantially the same as the theoretical 
spring-dashpot system. 

2 They have a value of c/c, lying between 0.023 and 0.071. 

3 The resiliently mounted unit of machinery, with a properly 
designed mounting, usually operates at a speed such that w/w, 
lies between 3 and 10. 


These conclusions are presented graphically in Fig. 2, where the 
“composite transmissibility band’”’ covers the range of values of 
transmissibility likely to be encountered in shear-stressed rubber 
machinery mountings. The boundary curves were obtained by 
substituting values of 0.023 and 0.071 for c/c, in Equation [1]. 


CRITERION FOR MEASURING EFFECTIVENESS OF COMPOUNDS 
’ SrupIED 


The second phase of the investigation was the development of a 
criterion for the effectiveness of shear-stressed rubber compounds 
in isolating machinery vibration. In general there are four con- 
siderations to be taken into account: 

1 Upon the magnitude of the periodic force transmitted to the 
foundation structure, at the normal operating speed of the unit, 
depends the amplitude of vibration of the foundation structure, 
which is of primary interest when considering the comfort of 
personnel in the vicinity of the unit while it is operating at normal 
speeds. 

2 The magnitude of the maximum periodic force transmitted 
to the foundation structure at resonant frequencies is many times 
greater than the impressed periodic force and may be severe 
enough to cause failure of the mounting or some portion of the 
structure adjacent to it. While this transmitted force may be 
sufficient to cause a vibration amplitude of the foundation struc- 
ture which is annoying to personnel, it is usually of such short 
duration that this annoyance need not be taken into account, ex- 
cept where the machine involved is continually starting and stop- 
ping. This consideration therefore is of interest in regard to the 
structural stresses set up in the mounting and in the adjacent 
structure. 

3 The maximum amplitude of vibration of the unit at reso- 
nant frequencies is of interest with respect to the alignment of 
shafts between the unit and other machinery; the amount of 
flexing of connections to the unit, such as ducts for water, steam, 
oil, gasoline, or exhaust gases; and the effect of vibration upon 
instruments which may be mounted on the unit itself such as 
pressure gages, thermometers, electrical relays, governors, or other 
mechanisms. 

4 The same considerations pertain to the amplitude of vibra- 
tion of the unit at its normal operating speed as in the case of item 
8. This amplitude is much less than that at resonance, but it 
exists continuously while the unit is operating at normal speed. 


"See Bibliography references (3, 4, 9). 


MATHEMATICAL RELATIONSHIPS 


Approximate mathematical relationships will be developed for 
each of the four considerations defined in order to analyze the 
properties of rubber compounds which affect their performance in 
resilient mountings. For simplicity, all measurements will be 
based upon foot-pound-second units. The following nomencla- 
ture will be used: 


m = mass of unit of machinery supported by resilient 
mounting (slugs) 


P, = value of periodic force impressed upon mounting 
due to unbalanced force in unit of machinery, lb 

P, = value of periodic force transmitted to foundation 
structure through resilient mounting, lb 

Zo = vibration amplitude of unit of machinery at given 
value of w/w,, ft 

k, = static spring constant (load per unit deflection) of 


resilient mounting, determined from slope of “static 
load-deflection”’ curve, lb per ft 

ky = dynamic spring constant (load per unit deflection) of 
resilient mounting (lb per ft), computed from rela- 
tionship w,? = k,,/m, at any given value of load.* 
Term w, is determined experimentally with a 
known value of m. Rubber compounds do not ex- 
hibit the same spring constant dynamically and 
statically as do metal springs. Rubber com- 
pounds appear to be stiffer under an oscillating 
load than under a static load, i.e., kay > Kye 

y = ratio of dynamic stiffness to static stiffness kz,/ky» of 

resilient mounting 

Q = breaking strength of resilient mounting, lb 

émax = Maximum value of transmissibility (at resonance) 


¢, w, w, have been previously defined. Note that e = P;/P». 

In a unit of machinery embracing a rotating member, the 
amplitude of the periodic force impressed upon the mounting is 
usually proportional to the second power of the circular fre- 
quency. Then 


where C is the mass of the rotating element (slugs), multiplied by 
its eccentricity in feet. The eccentricity may increase somewhat 
with speed but, in general, this increase is negligible and for the 


purpose at hand C may be considered a constant. By definition 
[3] 
Substituting Equation [2] in Equation [3] 


The vibration amplitude of the unit of machinery is expressed 
by the following equation® 


Po 1 


Xo = — 
cw? 
w,? Ce Wn 
Equations [4] and [5] are considered exact and are the basic 
equations upon which the criterion is developed. 
In the first consideration (i.e., the magnitude of the periodic 


force transmitted to the foundation structure at the normal oper- 
ating speed of the unit), as an approximation, let 


1 — (w/w,)* 


8 See Bibliography reference (1), p. 57. 
* See Bibliography reference (1), p. 56. 
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TABLE 2 VALUES OF ?P; 

— Exact value of Pi from— roximate 

Equation [4] of P; 

= 0.023 = 0.071 from Equa: 
w/wn Ce Ce tion [8] 
3 1 13Cw,2 1.21Cw,? Cw,? 
4 1.09Cw?s 1.22Cw"? 
5 1 07Cw,?2 1.28C 
6 1.07Cw,2 1.36Cw,2 Cw,? 
7 1 07Cw,2 1.44Cw Cw,? 
1.08Cw,2 1.54Cw" n? 
9 1 .09Cw,2 1.64Cw” Cw,? 
10 1.11Cw,2 1.75Cw” n? Cw,2 
Average 1.26Cw,? Cwn? 


(This is true for zero damping.) For w/w, > 3, a further ap- 
proximation may be made 
[7] 
Substituting Equation [7] in Equation [4] 


To show that the approximation in Equation [8] is reasonable, 
Table 2 compares the exact values of P:, as determined by Equa- 
tion [4], with the approximate values of Pi, as determined by 
Equation [8]. 

From Table 2, it is evident that an improvement of Equation 
[8] would be 


For low values of damping'® 


(10} 
or 
{11 ] 
Substituting Equation [11] in Equation [9] 
[12] 


Since C and m are constants for any given unit of machinery, let 
(1.26C/m) = C;, another constant. Then 


Thus it is evident that the properties of the rubber compound 
which influence the effectiveness of the mounting in reducing the 
force transmitted to the foundation structure, at the normal 
operating speed of the unit, are y and k,,. 

For the second consideration (i.e., the magnitude of the maxi- 
mum periodic force transmitted to the foundation structure), 
Equation [4] becomes 


Substituting as in Equation [12] 
Let C/m = C;, another constant. Then 


It is to be noted that Equations [14] to [16], inclusive, are 
exact and not approximate. It is seen that the maximum peri- 
odic force transmitted to the foundation structure at resonant 
frequencies is influenced by , ky, and émax. 

In the third consideration (i.e., the maximum amplitude of 
vibration of the unit of machinery), the exact relationship, Equa- 
tion [5], is modified by multiplying the right-hand member by 


2 
(2: =) . This results in the following approximate 


© See Bibliography reference (1), pp. 46 and 57. 
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equation (see Equation [1 ]) 
The maximum error introduced by this modification occurs with 


= 0.071. 


Tomax 


Since w/w, is unity when ewax occurs, the maximum 
value of the foregoing modifying factor is as follows 
V1 + (2 X 0.071)? = 1.010. Thus this modification introduces 
a maximum error of 1 per cent, which is negligible. Substituting 
Equation [2] in Equation [17], and recalling that at resonance 
wo = W, 

Tomax (Cw? /Kay)€max [18] 
Substituting Equation [10] in Equation [18] 


But C/m = C;; then 


=~ v 


[20] 


From Equation [20], it is apparent that the only property of the 
rubber compound influencing the maximum amplitude of vibra- 
tion of the unit of machinery is émax. 

In the fourth, and final, consideration (i.e., the amplitude of 
vibration of the unit of machinery at its normal operating speed), 
an approximate relationship, deduced from Equation [18], is as 
follows 


Substituting Equation [7] in Equation [21] 
Substituting Equation [10] in Equation [22 


But C/m = C,, therefore 


To check the validity of Equation [24], Table 3 is presented. 
The values of xo in this table are determined from Equation [5)|, 
which is exact, in the following manner: 

Substituting Equation [2] in Equation [5] 


Equation [25] may be written 
. 1 
k 2\2 
Wr Ce Wn 


Substituting Equation [10] in Equation [25a] and recalling that 
C/m = 


Lo = Cx(w/w,)? 


[25a 


] 


TABLE 3 CHECK ON EQUATION [24] 
as determined by Equation [26]|— 


= 0.023 «0.071 
w/wn Ce Ce 
3 1.125C2 1.115C: 
4 1.067C2 1.065C:2 
5 1.042C2 1.040C2 
6 1.029C2 1.028C: 
7 1.021C2 1.020C: 
8 1.016C2 1.016C: 
9 1.013C2 1.012C: 
10 1.010C2 1.0100: 
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From Table 3, it may be seen that an approximate value of 2 
within 6 per cent of the exact value, at any part of the band 
designated ‘normal operating speed”’ in Fig. 2, is given by 


Thus, the amplitude of vibration of the unit of machinery at its 
normal operating speed is seen to be substantially independent of 
the properties of the rubber compound. 

To summarize, the effectiveness of the shear-stressed rubber 
compounds in the typical mounting is indicated by the following 


Pi Cryky.. [13] 
Primex Crykemax [16] 


Facrors GOVERNING SELECTION OF RuBBER MouNTINGS 


In the ideal resilient mounting, P1, Pimax, aNd Zomax Should each 
have the lowest possible value, that is, the values of y, émax, and ky 
should each bea minimum. The ratios y and émax are measurable 
only when the rubber compound is subjected to an oscillating 
load, while ky is measurable when the compound is loaded stati- 
cally. In general, the selection of a rubber compound and the 
design of the mounting should be based upon as low a value of k,, 
as is compatible with the allowable static deflection, drift, and 
strength requirements. The determination of drift depends upon 
measurements over a long period of time and is beyond the scope 
of the present investigation. Good design of a resilient 
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mounting, ¢ = 0.5 in., A = 2 sq in., and W/A = k,,/12 lb per in. 
Then if k,, is in lb per ft 


G 


ky/48 psi 


Define S as the breaking strength Q (lb) per unit of shear- 
stressed area A (sq in.) of the rubber compound 


In the typical mounting, A = 2sqin. Then 
Substituting Equations [30] and [32] in Equation [28] 
247 
[33] 
S 
Since G and S have like dimensions, 8’ is dimensionless. 
Let 
[34] 


For comparing the effectiveness of rubber compounds, 8 may be 
used instead of 8’. Therefore, in a generalized dimensionless 
form, the suggested criterion is 


Thus, in general, the most effective rubber compound for use 


mounting would dictate that the working load imposed TABLE 4 SUMMARY OF DATA AND RESULTS OF CALCULATIONS 
upon the rubber compound should not exceed its en- Load, Cycles Lb Lbper 2 8 
durance limit. Since the determination of the endurance pound persec in. psi psi 
imi ale 27.65 10.5 312 287 «11.09 71.8 20.0 90 17.4 17.2 
limit of each compound is also beyond the scope of this in A 3:0 312 
vestigation, the breaking strengths of the mountings, under 67.65 6.6 
47.65 9.5 440 387 1.14 96.8 19.6 410 5.28 5.19 
gradually applied loads, are used as an indication of the B 
relative endurance limits of the rubber compounds. By 87.65 7.0 439 355 1.24 88.8 .. a * Tee 
: a 27.65 14.5 593 555 «421.07 139 22.2 465 7.11 6.98 
reducing the shear-stressed area of the rubber compound p 11:0 589 «B14. 
(i.e., keeping the volume of the rubber blocks constant and 67.65 9.1. S72 490 1.17 133 i ae 6.89 = 
increasing their thickness, thus increasing the over-all (97.65 14.9 627 422 1.49 106 11.1 390 4.48 4.30 
width of the mounting), the value of k,, would be reduced; P {47-65 M 9 589 362 1.63 90.5 ee 4. 18 a 
at the same time, however, for a given load upon the 151 644 98.3 «(413 848 
mounting, the value of the unit shear stress in the com- G 447.65 10.9 578 «6:11.70 85.0... 
pound would be increased. Therefore it is apparent that J 47.65 6.8 225 187 1.20 46.8 17.0 380 2.51 2.51 
a com i i is K [47.65 17.1 1430 698 2.05 175 7.05 503 5.03 5.09 
' pound having a high strength (large value of Q) is (37°63 12.8 1470 445 3.30 111 ide ae Sena 
desirable. 
* Average value. fn= wn/2r. 


This leads to the suggestion of a criterion 8’, for the de- 
termination of the relative effectiveness of different 
rubber compounds used in the typical mounting 


In general, the compound exhibiting the lowest value of 8’ 
would be the most effective. 

Since this criterion was derived for a mounting of specific 
dimensions, it is desirable to define the component factors in a 
more general manner: 

As previously defined, y and émax are dimensionless ratios. 

Define G as the applied load W (Ib) per unit of shear-stressed 
rubber area A (sq in.) necessary to produce unit deflection of the 


mounting A (in.) per unit thickness of the rubber stressed in shear 
t (in.) 


_ W/A 


we 
na’ PS 


When G is thus defined, it represents the shear modulus of elas- 
ticity of the rubber compound (10, 11, 12). In the typical 


** Dimensionless ratio. 


Testing temperature 75 F = 3 deg. 


in a shear-stressed resilient mounting is the one with the lowest 
value of 8. 

A summary of the data and results of calculations leading to 
the evaluation of 8 for each of the compounds tested is presented 
in Table 4. It is apparent from column 10 of this table that 8 is 
nearly a constant for each compound, regardless of applied load. 
Therefore it is allowable to use the average, as given in column 
11, as the representative value of 8 for each compound. 

Neglecting the high value of 8 obtained for compound A, which 
was obviously due to poor strength, it is seen that for compounds 
which have a satisfactory strength and shear modulus of elas- 
ticity, the value of 8 varies approximately from 2.5 to 7. With 
this variation in the value of 8, it was justifiable to neglect 
errors occasioned by using approximations in its development. 

It is believed that the suggested criterion is useful as a general 
measurement of the effectiveness of rubber and rubberlike com- 
pounds employed in resilient machinery mountings. However, 
the characteristics of the machine and the type of service involved 
may affect the choice of magnitudes of certain factors comprising 
the criterion. Thus, two rubber compounds may have nearly the 


| 
= 
- 0 
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same value of 8 and nearly the same value of the ratio G/S; the 
first compound may exhibit a relatively large value of 7 and a low 
value of é¢max, While the second compound exhibits a relatively 
small value of y and a large value of emax, the product, yemax, being 
approximately the same in both cases. If the machine which is 
to be mounted on rubber supports is one which operates at full 
speed during most of its running time and passes quickly through 
the resonant frequency as it is started and stopped, the second 
compound, with the lower value of y, would be more satisfactory, 
since from Equation [13], y influences the force transmitted to 
the foundation structure at the normal operating speed. Since 
the resonant speed would occur only briefly, sufficient time 
would not be allowed for large amplitudes of vibration to build up, 
and the larger value of emax would not be detrimental (see Equa- 
tions [16] and [20]). On the other hand, if the machine is one 
which operates at, or near, the resonant frequency for extended 
periods of time, or if it passes slowly through this frequency as it is 
started or stopped, the first compound, with the lower value of 
€max, WOuld be more satisfactory. 


CONCLUSIONS 


It has been shown in this paper that the common practice of 
using only hardness, or shear modulus of elasticity, as the criterion 
is not satisfactory for the rational design of rubber mountings for 
machinery. 

There is sufficient variation indicated in the value of the de- 
rived criterion for different rubber compounds to justify its con- 
sideration. 

It is suggested that rubber compounds showing good effective- 
ness by the criterion be tested further to find those having highest 
endurance limits, lowest values of rate of drift, and good aging 


properties. 

In conclusion, it should be emphasized that the characteristics 
of the machine and the service for which it is to be used must be 
known to choose a rubber compound well suited for use in a re- 
silient mounting for that machine. 


BIBLIOGRAPHY 


1 ‘Mechanical Vibrations,’ by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1934. 

2 ‘Vibration Prevention in Engineering,’’ by A. L. Kimball, 
John Wiley & Sons, Inc., New York, N. Y., 1932. 

3 ‘‘Influence of Damping in the Elastic Mounting of Vibrating 
Machines,” by E. H. Hull, Trans. A.S.M.E., vol. 53, 1931, paper 
APM-53-12. 

4 “The Vibration Problem in Engineering—Vibration Absorb- 
ers,”’ by C. R. Soderberg, Electric Journal, vol. 21, 1924, pp. 160-165. 

5 ‘‘Elastic Supports for Isolating Rotating Machinery,”’ by E. 
H. Hull and W. C. Stewart, Trans. A.I.E.E., vol. 50, 1931, pp. 1063- 
1068. 

6 ‘The Effectiveness of Shear-Stressed Rubber Compounds in 
the Isolation of Vibrating Machinery,” by B. C. Madden, M.S. The- 
sis, University of California, 1940. 

7 Report S-55, Dec. 3, 1937, Rubber Chemicals Division, E. I. 
du Pont de Nemours & Company, Inc., Wilmington, Del. 

8 ‘‘Handbook of Suggested Compounds for Various Rubber 
Products,” by R. T. Vanderbilt Company, Inc., New York, N. Y., 
Sept. 20, 1938, pp. 14-16. 

9 Discussion by F. L. Yerzley of ‘‘Neoprene as a Spring 
Material,’ by S. H. Hahn, Trans. A.S.M.E., vol. 62, 1940, pp. 474-475. 

10 ‘‘Rubber Springs-Shear Loading,” by J. F. D. Smith, Journal 
of Applied Mechanics, Trans. A.S.M.E., vol. 61, 1939, p. A-159. 

11 ‘‘Rubber Mountings,” by J. F. D. Smith, Journal of Ap- 
plied Mechanics, Trans. A.S.M.E., vol. 60, 1938, p. A-13. 

12 ‘The Mechanical Characteristics of Rubber,’’ by F. L. Haus- 
halter, India Rubber World, vol. 99, Jan. 1, 1939, pp. 39-42 and 50. 


Discussion 


W. N. Frnpiey.'! There are two questions which the writer 
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would like to raise in connection with this paper; (a) the use of 8 
as a criterion of the effectiveness of rubber compounds for the 
isolation of vibration, and (b) the ‘dynamic spring constant.” 

The proposed criterion is composed of terms representing three 
different properties of the rubber compound; that is, y and G are 
a measure of the rigidity of the rubber, émax is a measure of the 
hysteresis damping of the rubber, and S is a measure of the 
strength of the rubber. 

A material of low rigidity is desirable from the standpoint of 
designing small-size mountings, whereas, under certain speeds of 
operation, large damping is desirable to reduce the transmissi- 
bility. The strength of the material, on the other hand, does not 
in any way enter into the design of a mounting from the stand- 
point of its service in isolating vibration. It is, however, neces- 
sary to have sufficient strength to prevent failure of the mounting 
in service. Thus it would seem to the writer that the three fac- 
tors, stiffness, damping, and strength should be used as separate 
criteria rather than lumped together as a single criterion. For 
example, two compounds, A and B, might have equal damping 
property and equal stiffness, but A might have markedly greater 
strength and greater cost than B. Under a certain application, 
the strength of both materials might be adequate. In such a case 
the criterion 8 would indicate the more costly material A to be 
markedly superior, whereas both materials would perform with 
equal satisfaction. 

The writer is puzzled by the fact that the author’s “dynamic 
spring constant” kg, was as much as 3 times the spring constant 
ky, obtained from static tests. Two possible explanations pre- 
sent themselves: 

1 Creep (drift) may take place at such a rate as to affect the 
value of k obtained from “‘static’’ tests, or the “‘static’’ tests may 
possibly be affected by other factors, such as the use of a secant 
rather than a tangent line in measuring the spring constant. 

2 The equation from which k,, was computed may not repre- 
sent the actual conditions of the problem with sufficient accuracy. 
The force equation from which the equation for kay was derived is 


mé + Cz + kax = 0 


This equation says that the forces producing the acceleration 7 
during the vibration are made up of two parts, a damping force 
Cz, which varies linearly with velocity z, and a spring force kayz, 
which varies linearly with displacement z; that is, C and kay are 
constants and do not vary with acceleration, velocity, or dis- 
placement. Thus, kay must equal k,, if the foregoing equation 
accurately describes the motion. 

It is entirely possible that the forces involved in the problem 
considered by the author cannot be represented accurately by 
this expression. It may be necessary to use higher powers of the 
velocity or displacement in the force equation. In such a case 


k 
Equations [4], [5], and w:? = = would not be the correct solu- 


tions to the problem, and the use of these equations in such a case 
would be of questionable value. 


H. O. Fucus.’ Data on the dynamic properties of rubber 
and rubberlike compounds are highly welcome and the author's 
paper is a valuable contribution to the subject. : 

In tests conducted in a roughly similar manner, we found in 
general considerably lower damping values for natural-rubber 
compounds. Perhaps the difference can be explained by the 
fact that we deducted the damping provided by machine joints, 
air resistance, ete., from the gross measured values. It is not 
clear whether the author used this precaution. 

The author follows established precedent in interpreting and 
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expressing his data with a simple mechanical system such as is 
shown in Fig. 3 of this discussion. In the range with which he 
deals (low c/c, and relatively low w/w,), he checked test results 
against the assumptions and found reasonable agreement, pro- 
vided c/c, is held constant, which means that the viscosity in the 
dashpot must vary in inverse proportion to the frequency of 
vibration. 

Other investigators!’ have used the same analog as a basis for 
expressing the test results and have found that apparent viscosity 
varies in inverse proportion to a fractional power (about 4/5) of 
the vibration frequency. 

The writer would like to point out that the simple mechanical 
system used by the author and others can only be used with ex- 
treme caution as a basis of comparison for rubberlike com- 
pounds: 
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InprRectT 
DAMPING 


Fie. 3) 
DAMPING 
S, Si, S:, Ss represent springs 
M repr: sents mass 
d_ represents dashpot 


1 The apparent variation of dashpot viscosity with frequency 
cannot be explained by this spring-dashpot system. Note that 
viscosity appears to vary with frequency, not with velocity or 
work done per second. 

2 The transition from static rate to dynamic rate cannot be 
explained by the analog. 

3 The analog invites to wrong conclusions, such as the belief 
expressed in the literature that damping spoils isolation at high 
frequency ratios w/w,. This is true for the analog but not true 
for rubberlike compounds. 

While the analog, shown in Fig. 3 of this discussion, may 
safely be handled by careful investigators, such as the author, it is 
apt to create confusion when an attempt is made to design rubber 
insulators or predict their performance. The author’s state- 
ments that mountings behave substantially the same as the 
theoretical system, and that certain equations are exact, should 
be restricted to the range which he investigated and to a system 
with variable viscosity. With higher frequency ratios, such as 
occur on multicylinder internal-combustion engines, and higher 
damping values, such as are found in neoprene and similar com- 
pounds, the differences become very important. 

The writer proposes to consider rubberlike compounds as analo- 
gous to the system of springs and damper, shown in Fig. 4 of 
this discussion, similar to systems previously shown in the litera- 
ture,'4 

Without recourse to some mechanism which adjusts dashpots 
and springs in response to frequency, the system, shown in Fig. 
4, displays the properties characteristic of a rubberlike substance, 
namely: 

1 The dynamic spring rate is higher than the static spring rate 
because spring S; is practically blocked out. 

2 The “apparent” damping, deduced from amplitude at reso- 
nance, will decrease with frequency, as it should, because spring Sy 
will work more and more and the dashpot less and less. 


“Some Dynamic Properties of Rubber,” by C. O. Harris, Journal 
rd Apetiet Mechanics, Trans. A.S.M.E., vol. 64, 1942, pp. A-132, 
‘*"Elasticity, Plasticity, and Structure of Matter,” by R. Houwink, 
Cambridge, University Press, London, England, 1939. 
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3 Isolation at high frequency ratios depends only upon the 
rates of the springs S; and S; and not upon the damping as meas- 
ured at resonance. 

A set of equations for undamped systems, for the ordinary 
damped system of Fig. 3 of this discussion, and for the system 
with indirect damping, Fig. 4, are given in Table 5 to facilitate 
comparison and application. 

The most striking difference between ordinary and indirect 
damping appears in the equations for the force ratio F. With 


TABLE 5 COMPARISON OF EQUATIONS FOR DAMPED 
AND UNDAMPED SYSTEMS 


Amplitude ratio Force ratio 


A F 
Undamped.......... 


1 


Ordinary damping 1 


a—@)?+ De Vi + DQ 
Indirect damping 1 1+ KDQ y! + R?*KDQ 
— Q)? + KDQ(R — Q)? 1+ KDQ 


A = amplitude produced by harmonic force on mass, divided by 
static amplitude produced by that force 

F = force on support produced by harmonic displacement of mass, 
divided by foree produced by static displacement of same 
amount 

Q = square of ratio, forced frequency/natural frequency, calculated 
from mass and static rate. (Q = w?/[ks/m] in the author’s 
notation) 

D = square of twice relative damping, calculated from dashpot- 

resistance coefficient, mass, and static rate (D = c*/kywm) 

ratio of static rate to rate measured if dashpot is frozen solid 

square of static rate divided by square of rate measured across 

dashpot terminals if mass is held fixed 


R 
K 


ordinary damping, F increases without limit with increasing 
frequency ratio Q. With indirect damping, F approaches the 
fixed value R asymptotically with increasing Q. Transmissibility 
is the product A X F. 

The author shows excellent judgment in expressing the force 
transmitted at operating speed as a function of ky,/ky. But 
whereas the system used by him leads to this conclusion only for 
low values of damping and then only if the damping is allowed for 
by a factor taken as 1.26, to average values between 1.07 and 
1.75, the proposed system with indirect damping leads directly 
to this correct conclusion without regard to damping at reso- 
nance. Indirect damping isa better representation of the behavior 
of rubber than ordinary damping. It also shows the connection 
between measured damping and measured ratio k,,/k,,. For 
zero damping, this ratio obviously becomes unity. It might be 
noted that indirect damping includes ordinary damping as a spe- 
cial case: If the spring S; is made very stiff, K approaches zero, 
R*K approaches unity, and the equations reduce to those for ordi- 
nary damping. 


AUTHOR’s CLOSURE 


’ The author does not agree with Mr. Findley’s statement that 
the strength of the material does not in any way enter into the 
design of a mounting from the standpoint of its service in isolating 
vibration. It is the author’s belief that full utilization should 
be made of the strength of the material or, better, as pointed 
out in the paper, its endurance limit. With reference to ky, 
being as much as 3 times k,,, Mr. Findley’s first explanation is 
definitely pertinent. The tangent of the “static load-deflection” 
curve was used to determine the static spring constant. It 
was observed, however, that when the deflection was measured 
approximately 1 sec after increasing the shear stress by 10 psi, 
the increment in deflection was about 88 per cent of that measured 
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after 30 min; 2 min after the increase in stress, the increment 
in deflection was approximately 99 per cent of that measured 
after 30 min. Therefore, in establishing the “static load- 
deflection’ curves, all measurements of deflection were made 
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2 min after any change in load. For practical purposes such 
data represented stable static conditions, since deflections oc- 
curring over a greater period of time would be in the province of 
creep or drift phenomena. It is readily apparent that values of 
ky thus obtained may be very much less than values for k,,, 
where the time for plastic flow to occur was of the order of 0.03 
to 0.08 sec. Regarding the accuracy of representation of the 
forces involved by the simple force equation quoted by Mr. 
Findley, the author reiterates the statement in the paper that 
very close agreement existed between experimental and theo- 
retical curves. A typical example of such agreement is pre- 
sented in Fig. 5 of this closure, which is a plot of data obtained 
in the vicinity of resonance, together with the theoretical curve 
obtained by substituting a value for c/c, of 0.026 in Equation 
{1} of the paper. 

A schematic diagram of the testing apparatus is shown in 
Fig. 6 of this closure, to supplement the verbal description in the 
paper. 

The author did not take into account damping provided by 
machine joints and air resistance as did Mr. Fuchs. Lower 
values of damping would tend to lessen errors due to approxi- 
mations in the development of the criterion, since more serious 
deviations appeared toward the upper limit of observed damping. 
Furthermore, if the relatively constant damping chargeable to 
machine joints and air resistance were to be subtracted from the 
reported values of damping, the values of the criterion 8 would 
cover an even greater range, thus making more apparent its 
usefulness. 

In the literature, there appears to be a divergence of conclusions 
with respect to the variation of apparent viscosity with fre- 
quency. Harris,'* as stated by Mr. Fuchs, concluded that it 
varies inversely to about the 4/5 power of the frequency. This 
was based upon the decaying free vibrations of a pendulum con- 
nected to the rubber specimen. Gehman" stated that the 
product, apparent viscosity times frequency, is a constant to a 
first approximation. This would mean that the apparent vis- 
cosity varies approximately inversely to the first power of the 
frequency. Stambaugh'® concluded that the internal friction is 
approximately inversely proportional to the frequency. Both 
of the latter investigators calculated damping from the maximum 
amplitude of displacement observed at resonance when the 
rubber specimen was subjected to a forced vibration. The 
author observed in his work that values of damping calculated 
from successive amplitudes of a decaying free vibration were 
from 7 to 58 per cent greater, depending upon the compound, 
than values of damping calculated from the maximum trans- 
missibility at resonance due to a forced vibration. The latter 
method was used because it simulated service conditions of re- 
siliently mounted machinery. It is possible that the methods 
of determining the damping used by different investigators may 
have led to divergent conclusions regarding the variation of 
apparent viscosity with frequency. 

Mr. Fuchs presents a refinement of the mechanical analog and 
accompanying mathematical relationships which may become 
necessary when considering higher frequencies than considered 
by the author. The author feels that Mr. Fuchs has added valu- 
able information on the subject of the paper. 


16 “Rubber in Vibration,” by 8. D. Gehman, Journal of Applied 
Physics, vol. 13, 1942, pp. 402-413. 

16 ‘Vibration Properties of Rubberlike Materials,” by R. B. 
Stambaugh, Industrial and Engineering Chemistry, Industrial edition, 
vol. 34, 1942, pp. 1358-1365. 


_ 
Pivots 
FP? 
- 


Aerodynamic Center, Control and 
Stability of Airplanes 


By HANS REISSNER,' CHICAGO, ILL. 


In this paper the author proposes a representation of the 
longitudinal control, and of the longitudinal static- 
stability theory of the airplane: (1) By a consistent and 
exclusive use of the aerodynamic centers of all carrying 
airfoil bodies and the moment coefficients about these 
centers; (2) by the reference of all states of flight and of 
the location of the center of gravity to a basic state of 
flight with noncarrying tail plane and neutral fuselage 
orientation, with the characterization of other states of 
flight by the lift force and an effective angle of attack of 
the tail plane; (3) by the value of the ratio of static mo- 
ments of wing and tail about the center of gravity as the 
measure of stability, which must overcome mainly the 
destabilizing moment of the fuselage and of the propeller. 
The analysis shows a relatively great effect of the fuselage 
and propeller moments on the control and _ stability. 
Both effects necessitate a greater force of the elevator and 
appear as the second important destabilizing terms in the 
stability condition. 


INTRODUCTION 


MONG the five general conditions of the longitudinal 
A stability of the airplane the one which does not contain 
the inertia forces is the most important. It is also the 
simplest condition and was known before G. H. Bryan de- 
veloped the general theory of airplane stability in 1903, derived 
from E. I. Routh’s theory of small oscillations of a system about 
a state of steady motion. 

This “static longitudinal stability,”’ considered from the basis 
of the general (dynamic) stability theory, appears as a rather 
elementary subject. However, it has seemed to the author 
that the problem is capable of a yet simpler and more compre- 
hensive treatment with respect to different states of flight, 
location of center of gravity, action of elevator, and influence 
of fuselage and propeller. 

By means of a consistent use of the aerodynamic centers of 
the wing and of the tail plane, the author proposes to derive con- 
trol and stability conditions from a basic state of flight with non- 
carrying tail plane and neutral position of the fuselage, and from 
the ratio of the static moments of the lift forces concentrated 
in their aerodynamic centers. 

It is well known that both a wing section (airfoil) or an entire 
wing, as well as the tail plane wing, and all bodies having a shape 
similar to that of the airfoil sections, always contain a point 
about which the moment of the aerodynamic forces is independ- 
ent of the angle of attack. Furthermore this point, the “aero- 
dynamic center,” is always located adjacent to the forward 
quarter point of the airfoil chord. The amount of the dimen- 
sionless moment coefficient depends upon the camber of the 
airfoil and is zero for symmetric airfoils. This property of 
the aerodynamic center will be used consistently to determine 
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the action of the stabilizer and elevator of the tail plane and the 
stability condition. 


EqururpriuM OF Moments ACTING ON AIRPLANE AND LOCATION 
OF CENTER OF GRAVITY 


We start with a condition of horizontal flight which, in general, 
may correspond to the desired condition at maximum speed. It 
may be assumed that there is a flight condition in which the tail 
plane does not experience any upward or downward aerodynamic 
force (no positive or negative lift), and in which the fuselage 
axis is lying in the direction of the relative air flow, Fig. 1. For 


Fig. | or Surraces, AIRPLANE IN HorRIzonTAL 


FLIGHT 


the tail plane this means that, on account of the downwash angle 
behind the main wing, the tail plane must be inclined about a 
very small angle relative to the direction of flight. 

Using the notations given in Fig. 1 the equilibrium of moments 
about the center of gravity, requiring that the resultant moment 
must be zero, furnishes the following equation for the location 
of the center of gravity relative to the aerodynamic center of 
the main wing 


=M = Le — Mx — Dh 


C,qSe CpqSh = 


where in the usual nomenclature 


ve = dynamic pressure 


velocity of flight 


1 
1 + 2n/A 
moment coefficient referred to aerodynamic center 
Cpi + Cop = drag coefficient of whole structure 


referred to wing area 
b2 
aspect ratio = 5 


lift coefficient = 2rna 


wing span 

wing area 

a drag coefficient of wing of the order of magni- 
tude 0.9 

distance of aerodynamic center (called ac) of tail plane 
from center of gravity of whole structure (called eg) 

distance of ac of main wing from cg 

angle of attack referred to line of zero lift of airfoil 

mean chord of main wing 
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Explicitly, therefore 


& sa 


The second term gives the influence of the eccentricity of thrust 

and drag centers on the location of the center of gravity; the 

first term gives the influence of the moment coefficient. 
Assuming, for instance 


h 
c = 0.08, A = 6, Cates = 0.04, CL = 0.3, Cop = 0.03 


the relative distance of eg from ac of the wing becomes 


: = 0.133 + 0.0093 


Tue ConpDiITION 


For the flight condition, considered as basic for the normal 
location of the center of gravity, the static-stability condition 
must be derived by varying the angle of attack a to a + da, and 
by figuring the variation of the resultant moment. 

Several new terms then appear in the summation of the moment 
variations, of which the decisive term is the lift force on the tail 
plane as a stabilizing term, while the inclination of the fuselage 
axis and of the propeller axis exerts a destabilizing influence. 
On the other hand the moment coefficient Czac which does not 
depend upon the angle a disappears, and so the moment about 
the aerodynamic center has only an indirect influence on the 
stability condition through the value of the distance between 
eg and ac. 

The moment contribution 6M, of the fuselage* can be 
expressed by using the analogy with the moment of a prolate 
ellipsoid 


[2] 


where Q signifies the volume of the body and C.y a coefficient 
depending upon the eccentricity value of the maximum cross- 
section diameter to over-all length. Term Cu changes from 
zero for a sphere, to unity for an infinitely thin elliptical rod.* 

In the special case considered here, Liepmann in the range of 
usual relative dimensions of airplane fuselages and following 
some experimental data suggests 


where S, is the maximum cross-sectional area, l, is the length 
over-all, and C;,’ is a constant coefficient of the order of magnitude 
0.4 in radians). 

The moment contribution of the propeller consists of two 
parts, (1) caused by a transverse force acting vertically in 
the plane of rotation, and (2) caused by a couple in the vertical 
plane containing the propeller axis. 

Item (1) can be written in the form 


where 
= 


; V,? = dynamic pressure at propeller tip 


Sp = xr,* = circumscribed propeller area 
distance between propeller hub and center of 
gravity (see Fig. 1) 


= 


2 Firs’ introduced in the paper, ‘‘An Improved Longitudinal 
Stability Calculation,” by H. P. Liepmann, Journal of the Aeronautical 
Sciences, vol. 9, March, 1942, pp. 181-184. 

3 See also, ‘Application of Practical Hydrodynamics to Airship 
Design,’”’ by R. A. Upson and W. A. Klikoff, U. S. N.A.C.A., 
Technical Report No. 405, 1932. 
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C’n = coefficient constant for small angles up to about 
15 deg 
Item 2 has a similar form 


Flachsbarth and Kroéber‘ give diagrams for angles up to 90 deg, 
while here they are needed only for small angles. Furthermore, 
they give diagrams for values of pitch to diameter 0.2 and 0.5, 
which are smaller than are used in modern propellers. 

Lesley, Worley, and Moy® have made extensive measure- 
ments for a greater range of pitch-diameter ratios, starting from 
a pitch ratio of 0.7 and running to 1.28 for advance values up to 
V/nD = 1.3 (V/wr = 0.42). 

Taking into account the fact that the forces and moments also 
depend upon the shape of the blade, the results of the two papers, 
comparing P/D = 0.5 in the first paper‘ with P/D = 0.7 in the 
second paper® at the same V/wr = 0.268 (V/nD = 0.840), agree 
fairly well; for instance 

da = 10 deg V/wr = 0.268 


P/D Cy:5a° 10? Cy25a° 10? 
0.5 0.18 0.07 
0.7 0.1134 0.0805 


Choosing an example from the Lesley paper® 
V/wr = 0.416 (V/nD = 1.306) 
P/D = 1.284, da = 10 deg. = 0.1746 radian 
= 0.41, = 2.35-10-* 
10°C p2'5a = 0.0877, = 0.502-10~* 


The moment contribution of the main wing and the tail plane 
with suffix ¢ for tail plane are 


6M = C,'qSe) wale [4] 


The resultant moment change, completed by the terms of 
Equations [2a], [8a], [3b], and [4], follows now from Equation 
{la] in the form 


6M = — C,'qSe — — + 
[5] 


where q, = Ay is the dynamic air-flow pressure following from 


the velocity V,, retarded by the screening effect of the airplane 
parts in front of the tail plane, and where the + sign signifies 
the stabilizing sense of rotation. 

The stability condition in preliminary form only for the basic 
state of flight can be stated by means of static moments as 


follows 
Sl s Se cu + S; S Cn + 
e Cr 
[5a] 


S e C,’ S q C,’ 


It may be interesting to estimate the order of magnitude of 
the second and third terms relative to the first term 


27 1.8% 1.89 
C,’ =, = —_ 
1+2n/A 1.3 1+ 2n/A, 1.6 
S 
C;’ = 0.4, ~! — 0.02, = 0.24, = 40, = 10, 
S e e e q 


We get from Equation [5a} 


4“Experimentelle Untersuchungen an_ schriig angeblasenen 
Schraubenpropellern,” by O. Flachsbart and G. Kréber, Zeitschrift 
fiir Fliigtechnik und Motorluftschiffahrt, vol. 40, 1929, pp. 605-614. 

’‘‘Air Propellers in Yaw,” by E. P. Lesley, G. F. Worley, and 
Stanley Moy, Technical Report No. 597 U. 8. N.A.C.A., 1937. 
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40.147 + 0.117 + 0.014) 


The result shows, for the relative dimensions thus chosen as 
practical values, that the destabilizing effect of the hull is about 
15 per cent, and of the propeller due to the pitching force, 12 
per cent and due to the pitching moment, 1.4 per cent, of the 
destabilizing effect of the main wing. 

The inequality Equation [5a] gives the stability condition in 
terms of the static moment of the tail surface in such a way that 
the moment coefficients of the main wing or tail surface do not 
appear, but have only an indirect influence by locating the 
center of gravity or the steady positive or negative lift on the 
tail plane for other than the basic state of flight. 

In the literature, the stability condition is usually expressed 
by the slope of the moment function with a moment coefficient 
referred to the leading edge of the wing. This alternative 
condition could be expressed by means of Equation [5] if, in 
Fig. 1, the lift force is moved parallel to itself from the aero- 
dynamic center to the leading edge and, in counteraction thereof, 
the moment coefficient is increased so that 


where the moment coefficient is taken positive in the diving 
sense, and the aerodynamic center, to fix the ideas, is assumed 
to be at the quarter-point. 

Equation [5] then takes the form 


c 
= ba (« + ‘)+ 
(Cyr’ep + 


The expression in brackets is then called the slope of the moment 
function, which must be inclined in the opposite direction to the 
angle of deviation of the airplane. 


OTHER STATES OF FLIGHT 


The stability condition in the foregoing section has only beet 
derived for the basic condition of noncarrying tail plane and the 
fuselage (or hull) and the propeller in such a position as not to 
influence the location of the center of gravity by their up- or 
down-turning moments. Yet it can be shown that the condition, 
Equation [5a], does not change for other states of flight except 
in the value of q,/q and for loose elevator control. 

The first correction qg,/q which concerns the change in re- 
tardation of the airflow across the tail plane caused by the change 
either of the angle of the airplane axis relative to the direction 
of flight, or of the power given off by the propeller, must be left 
to a special treatment, preferably experimental. 

The second correction depends upon the special inertia and 
aerodynamic balance of the elevator control, and therefore 
also requires a separate investigation. 

In fact, the change for other states of flight, apart from the 
corrections just mentioned, concerns not the stability but only 
the upward or downward lift on the tail plane. This can be seen 
in Equation [la] by observing that the moment coefficient 
Cue does not change with the angle of inclination, while the 
lift coefficient C, of the main wing and of the tail plane changes 
with the inclination of the airplane axis relative to the direction 
of flight. In addition, a hull-and-propeller moment appears 
as a function of this inclination. Therefore, an additional 
moment is necessary for equilibrium in Equation [la], which 
must be furnished by the angular position 8 of the elevator in 
co-operation with the fixed part of the tail plane, Fig. 1. 

Designating Aa as the change of inclination of the reference 
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axis of the airplane axis with AC, = C,’ Aa, the corresponding 
changes of the lift coefficients, Equation [la] changes into 


Aa, 2 S; dp Sp 
—— C,,'¢,S,l— C,'Seq| 1 
* cal S 3 Ss 


@p Cy2’ Tp 

where it must be noted that the angle change Aa, of the zero- 
lift line of the tail surface is different from the main angle change 
Aa because, due to the angular motion 8 of the elevator control 
surface the zero-lift line, which originally coincided with the 
axis of symmetry of the tail plane airfoil, moves with the control 
in a certain relation but less than the rotation Aa so that 


where in first approximation k is a constant dependent upon 
the relation between the total area S, and the movable ele- 
vator part S.; of the horizontal tail surface. 

Equations [6] and [6a] give the amount of upward and down- 
ward lift of the tail plane and with it the amount of elevator 
angle 8 to change the inclination of the reference axis of the 
airplane relative to the direction of flight. By “reference axis” 
is meant the axis corresponding to a noncarrying horizontal 
tail plane. The state of flight for which the tail plane shall not 
exert a positive or negative lift force can be chosen arbitrarily, 
but preferably for a state of high speed. The reason for this 
recommendation is twofold, (1) the parasitic drag forces, im- 
portant at high speed, become smallest for noncarrying tail plane 
(and noncarrying fuselage), (2) also the control forces on the 
elevator can be kept in moderate limits for steep diving if the 
reference state of flight is nearest to the state of diving. 


VALIDITY OF STABILITY CONDITION FOR ALL STATES OF FLIGHT 


In Equation [6], adding the additional tailplane term which 
makes the total moment in some other than the basic steady state 
of flight zero, and assuming besides a transient change da of the 
inclination of the airplane axis, the expression for the change of 
total moment does not differ from the expression in Equation 
[5]. Therefore, the stability condition, Equation [5a], must 
remain virtually the same for cruising as well as for climbing 
and diving if the eventual changes of the relative retardation 
q./q of the flow behind the main wing and the eventual change 
in the propeller terms are taken into account. 


Errect oF CHANGE OF CENTER OF GRAVITY 


The location e of the center of gravity behind the aerodynamic 
center of the main wing rlative to the distance / of the aero- 
dynamic center of the tail plane from the center of gravity 
follows from the completed Equation [la]. It must be com- 
pleted for the inclination Aa of a new reference axis against 
the hull axis and against the plane of rotation of the propeller 
under the supposition of noncarrying tail plane. It can then 
be shown that a change of the distance of the center of gravity, 
originally derived from a state of flight of noncarrying tail plane 
and not inclined fuselage, is equivalent to a transition of the 


6 (a) ‘Model Experiments on the Pitching and Hinge Moment 
Due to Elevators of Various Sizes on B.E. 2C. Tailplanes,’’ by H. 
B. Irving and A. S. Batson, R. and M. no. 679, Great Britain Aero- 
nautical Research Committee Technical Reports, vol. 1, 1920-1921, 
pp. 317-326 (k ~ 0.21 when < 0.3). 

(b) “General Theory of Thin-Wing Sections,”” by M. Munk 

U. 8. N.A.C.A. Technical Report 142, 1922, p. 245. 
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reference axis to a state of flight also with noncarrying tailplane, 
the reference axis being inclined about an additional angle 
Aa relative to the hull axis. In fact Equation [la] is completed 
to 


CiqSe — — CpgSh + + + Crary) + 
CoSqdda = 0 


Arranging the terms analogous to Equation [16], one obtains, 
for the distance e of the center of gravity behind the aerodynamic 
center, the relation 


c Cr Cz c Cr S c q S 


C, @ S c 
The last three terms give the additional influence of the in- 
clined axis of the fuselage and the propeller, and of the eccen- 
tricity of the tailplane, which latter had been assumed to be in 
the fuselage axis. 
Expressed by the inclination Aa of the last-named axis, the 
last equation becomes 


ec Cra’ eA alCy’ 8 @¢ 
Cox” Tp Cor l 
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For an angle of attack a equal to the angle assumed for non- 
inclined fuselage axis, Equation [lc] gives a smaller value of the 
distance e with fuselage axis turned up (Aa positive) and vice- 
versa for Aa negative. 

The stability condition 5M > 0, pertaining to Equation [Ic], 
is derived just as in Equation [5a] by varying the angle a to 
a + da, which shows that its expression does not differ from 
Equation [5a]. Only in the value of q,/q, that is, in the relative 
retardation of the airflow behind the main wing V and in the 
value of the propeller term, a numerical difference may arise. 


Taking into account the fact that the stability condition, apart 
from the numerical value of g,/q, does not change with the state 
of flight and that the distance becomes smaller for hull and 
propeller axis inclined upward, it is seen that the required mini- 
mum distance of the aerodynamic centers becomes smaller for 
a combination of upward-inclined fuselage axis and noncarrying 
tailplane and larger for downward-inclined fuselage axis. 


Nevertheless, for reasons of small drag at maximum speed and 
of moderate control forces in a steep dive, a small angle of attack 
a, combined with noncarrying tailplane and noninclined fuselage 
axis is advisable. This, as shown previously, means a backward 
location of the center of gravity as the basis for the stability 
condition. It is also in agreement with the requirement that 
a shifting of the center of gravity backward, due to the unavoidable 
shifting of load, must be taken into account for the determi- 
nation of the necessary excess stability. 
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Centrifugal-Pump Performance as a 
Function of Specific Speed 


By A. J. STEPANOFF,! PHILLIPSBURG, N. J. 


The object of this paper is to examine the performance 
of centrifugal pumps as a function of specific speed. 
Based on established gross pump efficiencies, hydraulic 
efficiency is evaluated by eliminating mechanical and leak- 
age losses. General laws of variation of disk friction and 
leakage losses with the specific speed are established. A 
special study is made of leakage losses, and coefficients 
necessary for calculation of flow through small annular 
clearances are given as function of Reynolds number. 
Knowing hydraulic efficiency, hydraulic losses are calcu- 
lated, and these in turn permit determination of the 
necessary experimental coefficients for improved formulas 
for the theoretical head developed by impellers of centri- 
fugal pumps. 


INTRODUCTION 


OR a study of centrifugal-pump performance as it is affected 
by specific speed, it is convenient to consider double-suction 
single-stage pumps because they cover a wider range of 
specific speeds and their design is standardized to a high degree 
for the whole industry. General conclusions drawn from such a 
study will apply to any type of centrifugal pump irrespective of 
the differences in mechanical or hydraulic arrangements. 
Fig. 1 shows gross efficiencies of double-suction pumps for 


EFFICIENCY PER CENT 


Fic. 1 Dousie-Suction-Pump 
different specific speeds which can be considered as commercial 
efficiencies well established for sizes of pumps indicated on the 
curve. Efficiencies as shown were obtained with pumps having 
impellers of approximately 15 in. diam and a capacity of 5000 
gpm or greater, at specific speeds above 1500. For lower specific 
speeds pump sizes and capacities were correspondingly smaller. 
With larger pumps better efficiencies are possible at lower specific 
speeds, but as a rule pumps of low specific speed are built in small 
sizes only. This paper is more concerned with the trend of 
changes of efficiencies and various losses with the specific speed 
than with their absolute values. 
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Figs. 2, 3, and 4 show typical head-capacity, efficiency, and 
brake-horsepower curves for pumps of different specific speeds.? 
Only slight variation from average curves for a given specific 
speed is possible without appreciable sacrifice in efficiency. The 
head-capacity, efficiency, and brake-horsepower curves are inter- 
related so that change in form of one will be followed by change 
in form of the other two (1).3 Since the theoretical head-capacity 
curve is a straight line, irrespective of the specific speed, the varia- 
tion in the form of the head-capacity, efficiency, and brake-horse- 
power curves with specific speed is caused by the losses. To 
investigate the trend of variation of losses with specific speed and 
evaluate their relative magnitude is one of the objects of this 
paper. 


LEAKAGE Loss 


The gross efficiency of a centrifugal pump can be expressed as a 
product of three efficiencies 


where 


€m = mechanical efficiency, which accounts for bearing and 
stuffing-box friction losses, and the disk friction loss 

é, = hydraulic efficiency, which accounts for hydraulic losses 
of head between the two points where the suction and 
discharge heads are measured 


e, = volumetric efficiency = , where Q is the measured 


Q + 
pump capacity and (Q + Q,) is the capacity going 
through the impeller. Term Q, is the leakage through 
the close clearance between the rotating element and the 
stationary casing. Development of Equation [1] can be 
found elsewhere (2). 


Leakage loss in a centrifugal pump can take place in one or 
more of the following places: (a) Between the casing and im- 
peller at the impeller eye; (b) between the two adjacent stages 
in multistage pumps; (c) at the stuffing box; (d) through bal- 
ancing devices of multistage or single-stage pumps; (e) at bleed- 
off from the stuffing box through a close-fitted bushing to reduce 
the pressure on the packed stuffing box; (f) leakage past vanes 
and the casing in open-impeller pumps; and (g) any water used 
for bearing or stuffing-box cooling. 

Evidently volumetric efficiency is lower for small-capacity and 
high-head pumps than for high-capacity and low-head pumps. 
The author has published (2) a considerable amount of the ex- 
perimental data on leakage through the impeller and casing 
wearing rings of various designs, i.e., plain cylindrical, stepped, 
grooved, and labyrinth. The data were presented as coefficients 
of discharge C in the equation 


where 


Q, = amount of leakage 
A = free area of clearance 
H,, = head across clearance 


It has been found by these tests that the coefficient of discharge 
through the plain cylindrical clearances depends upon the width 
of the ring, the pressure H,, the ring peripheral velocity or pump 
speed, and the clearance. Therefore the selection of a proper 
coefficient for calculation of the leakage loss is complicated and 


2 Curves very similar to those in Figs. 2, 3, and 4 appeared in 
Escher-Wyss News, 1934. See Bibliography reference (1). 

3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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may require extrapolation or interpolation if the conditions fal] 
beyond the available range of clearances, head H,, or ring width. 
To a great extent, the variation of the coefficient of discharge C in 
Equation [2] is caused by the imperfection of the formula itself 
which really expresses the discharge through an orifice, and coeffi- 
cient of discharge C accounts for the entrance loss, friction loss 
through the ring, in addition to the velocity head at discharge 
from the ring. More consistent results are obtained if formula 
(2] is modified to account for several items of loss of head through 
the clearance, and the coefficient of friction through the ring is 
plotted as a function of the Reynolds numbers as is done for pipe 
flow. 

The author has made a study of some available test data on the 
flow through annular clearances, with one or both members 
forming the clearance stationary, and has prepared a chart, Fig. 5, 
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showing the coefficients of friction f plotted against Reynolds 
numbers. The following equation was used for calculation of the 
amount of leakage 


0.385 H,D*a* 
1000(1000f/L + 0.375a) 


leakage, gpm 

head across clearance, ft 

average diameter of annular clearance, in. 

clearance on diameter in thousandths of an inch; a@ = 8 
where clearance a = 0.008 in. 

coefficient of friction along throttling annular surfaces 
length (width of ring) of clearance, in. 


fou 


This equation is developed from the fundamental formula for 
the head loss by the flow through the annular clearance (3). 


2 2 
2gm 


where 


m = mean hydraulic radius of section normal to flow in inches; 
equals a/4 in this case 

V = velocity through clearance, fps 

a = a/1000 clearance on diameter, in. 


The first term on the right-hand side of Equation [4] is loss due 
to friction; the second term represents the entrance loss of rings 
with square sharp corners, Fig. 6(a), and the last term is velocity 
head at discharge through the ring. 


= 
where 
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The value of the coefficient f is plotted against Reynolds num- 
ber as abscissa, which for water reduces to 


_ @ (gpm) 


D (in.) 


The more usual form of expression for Reynolds number is 


Vd 
R = — = const 
Vv 


where V is velocity = or in this case 


d = pipe diameter or mean hydraulic radius, m = ; 


vy = kinematic viscosity = 0.01 stokes for water 
Thus in the present case 

Ox 2 Xe 

Dra X4X0.01 D 


= const 


When selecting coefficient f for liquids other than water, divide 
Q (gpm) 
D (in.) 
convert Reynolds number gpm/in. into fundamental units (make 
it dimensionless), it should be multiplied by 792. 

To use Equation [3], it is necessary first to assume an arbitrary 
value of coefficient f, then calculate Q; after that Q/D can be 
determined, and the value of f can be taken from the chart Fig. 5. 
The value of Q is refigured again and, if materially different from 
the first value, a new ratio of Q/D is calculated and a new coeffi- 
cient f is taken from the chart. It isseldom that more than two 
approximations are necessary. 

Scattering of points on chart, Fig. 5, can be explained in several 
ways, as follows: (a) It is difficult to measure accurately the 


by the liquid kinematic viscosity in centistokes. To 


TABLE 1 


Curve 


Clearance 
symbol 


a, in. 


Diameter 
Data by i 
Schneckenberg 
Schneckenberg 
Schneckenberg 
Schneckenberg 
Schneckenberg 
Becker 
Becker 
Aisenstein 
Aisenstein 
Stepanoff 
Stepanoff 
Stepanoff 
Stepanoff 
Stepanoff 
Yendo 
Yendo 
Stepanoff 
Stepanoff 
Stepanoff 
Stepanoff 
Stepanoff 


Length, 
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true pressure across the clearance in a centrifugal pump. (b) The 
clearances are more or less eccentric, or elliptic, resulting in error 
of clearance measurement. (c) The impeller and casing wearing 
rings may be offset one with respect to the other, Fig. 6(b), re- 
sulting in suppressed contraction on one side of the clearance. 
(d) The effect of rotation speed on coefficient of discharge. (e) 
Balancing drums are sometimes provided with additional throt- 
tling surfaces which are adjustable axially, while only radial 
clearances were considered in these calculations. (f) The ring 
may have been scored during tests and not inspected after the 
test. 

It should be noted that in the case of pipe flow on charts similar 
to that shown in Fig. 5, the scattering of points is generally 
accounted for by the relative roughness of the pipe walls. This 
factor is of secondary importance in the case of wearing rings or 
balancing drums, as these parts are usually given good machine 
finish. 

Sources of the data in Fig. 5 are indicated in Table 1, where 
size and length of throttling surfaces are given together with the 
range of pressures under which the amount of leakage was 
measured. These may be helpful in selecting a proper coefficient. 
The throttling surfaces were, in all cases, plain cylindrical 
smoothly finished. The effect of labyrinth, circular, or spiral 
grooves on the amount of leakage was reported by the author in a 
previous paper (2). 


LEAKAGE Loss VERSUS SPECIFIC SPEED 


Using coefficients from Fig. 5, the author has calculated the 
leakage loss for a number of double-suction horizontally split 
pumps of different specific speeds. In all cases actual clearances 
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and wearing-ring widths were used for plain flat rings. The 
results are shown in Fig. 7. It will be observed that leakage loss 
is rapidly decreasing with increasing specific speed. 

For the purpose of further discussion it is important to estab- 
lish some general relationships between leakage loss and specific 
speed. 

It will be shown that the power loss due to leakage is constant 
for pumps of the same specific speed, irrespective of pump size 
and speed. To demonstrate the truth of this statement, Equa- 
tion [2] will be used 


Q, = CAV 


Substitute for the clearance area its equivalent A = 9 and ex- 


press H, as K,H, where K, is a factor less than 1, indicating the 
pressure across rings as a fraction of the pump total head. It 
will be assumed that this factor is constant for similar pumps. 
Also, it will be understood that the coefficient of discharge C for 
the clearance is constant for similar pumps. Then, the power 
lost because of the backflow through the clearance is 


= (QrvH)/550....... 


where y is the weight of 1 cu ft of water. The ratio of power lost 
due to leakage of two pumps is equal 


(Api): a,D,(H,)"* 


If similarity of the two pumps is extended to the wearing-ring 
diameters and clearances, then 


aD; _ (Dw)? 
aD.” (Da) 


where Dy and Deo are the outside impeller diameters of two 
pumps. Substituting this into Equation [10] we obtain 


_ Dr? 
(hpr)z Deo? (H2)'/* 


Making use of Equation [13] for the type-unit-capacity rela- 
tionships for similar pumps, we change Equation [12] to [14] 


Qe 


= = const... {13 ] 
VA, X Dio? V X Dao? 


QM 
(hpz)e 


(14) 


that is, the power lost in leakage is proportional to the pump 
output. Hence if expressed as a percentage of the pump output, 
this loss is constant for all similar pumps. In practice, however, 
the leakage loss is greater for smaller pumps, as the clearances 
cannot be reduced below a certain minimum; also because the 
wearing rings of larger pumps are wider, and the coefficient of 
discharge C is smaller. 

Comparing the leakage-loss horsepower for pumps of the same 
output and different specific speed, rpm, and size, we may write 
Equation [10] as before 


(hp) a,D,H,'/? 


assuming that the width of the wearing rings is the same (coeffi- 
cient C is the same for two cases), and that the clearances vary in 
the same ratio as the impeller wearing-ring diameters. 

The radial velocity at the impeller eye varies with the impeller 
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type and speed, and the ratio may be expressed in terms of the 
head as follows 
Cmi H,'/? 


Cm2 H,'’" 


Assuming that the impeller-eye area = wD?/4 is available for 
the flow, or that the pump is of the overhung-impeller construc- 
tion, or that the effect of the presence of the shaft in the impeller 
eye upon the ratio of the impeller-eye areas may be neglected, we 
can write 


Combining this equation with Equation [15] we obtain 


QeH 2K mi Km 
Since water horsepower (whp) is the same for both pumps, the 
ratio of the leakage-loss horsepower, expressed in per cent of whp 
will be given by Equation [18]. The value of the factor Am is 
increasing with the increase of the specific speed, hence for the 
same pump output the leakage loss is higher for the lower-specific- 
speed pump. For example, for n, = 1000 the factor Am, = 0.12; 
for ns = 2000 the factor Km: = 0.155, and the ratio of the leakage- 
loss hp is equal to 0.155/0.12 = 1.3. 


Disk-FrRicTION Loss 


Having established a connection between the specific speed 
and leakage loss, use will be made of Equation [1] to determine 
hydraulic efficiency for pumps of different specific speed, knowing 
the gross pump efficiency and evaluating the mechanical effi- 
ciency. It will be shown that variation of mechanical efficiency 
€, is mostly affected by the disk-friction loss, which varies 
greatly with the specific speed, while the remaining mechanical 
losses, i.e., bearing and stuffing-box friction, are essentially in- 
dependent of specific speed. 

General relationships will be established governing variation of 
disk-friction loss for pumps of different types. 

Disk Friction of Pumps of Same Specific Speed but of Different 
Size and Speed (12). Consider two pumps of the same specific 
speed and impeller diameters D,; and D2, heads H; and H2, capaci- 
ties Q, and Qs, and speeds n; and ne, respectively. The power 
consumed by disk friction is 


@ AD w*......... 


where A is a numerical constant, depending on the units used. 
The ratio of the disk-friction horsepower of the two pumps is 
_ (Dima)? (Ds) 
(Dana)® 
Combining this equation with those for the type unit capacities 
Equation [13] and type unit speed Equation [21] 


mDyo 
VA, VATA = 
we obtain Equation [22] 


(hp): 
(hpy)e QH, 


or that the disk-friction horsepower varies as the pump output. 
This could be expected from an inspection of the formula for the 
disk-friction loss as both the disk-friction power loss (hp,) and 
the pump output, whp, vary as the cube of the speed and fifth 


( 
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power of the impeller diameter. From Equation [22], it follows 
that the ratio of the disk-friction horsepower to the water horse- 
power is constant for the same specific speed irrespective of the 
size and speed of the pump. 

Disk Friction of Pumps of Same Output but of Different Specific 
Speed, Size, and Rpm. For two pumps of the same water horse- 
power, the ratio of specific speeds is equal to 


Ratio of the heads may be obtained from 
My Vi (24) 


where u, and uv are the peripheral velocities of the two impellers 
at the outlet and @ and @ are the speed factors from 

u=@V 2gH..... 


Combining Equations [23] and [24] with Equation [19], we 
get for the ratio of the horsepower consumed by the disk friction 
of the two pumps 


. [25] 


2. 
( = = or {26 | 
(hpy)z 
and if @ = o: approximately, the expression simplifies to 
hp,) N,2? 
[27] 


Ney? 


that is, for the same pump output, the disk-friction horsepower 
varies inversely as the square of the specific speed. The effect of 
the factor @ can be seen from the following example: 

For n, = 1000, the factor ¢; = 0.95. For n. = 2000 for the 
same vane angle ¢ = 1. Then, considering the variation of ¢ the 
ratio of the disk-friction horsepower is equal to 


(hy) 2000* x 0.95! 
(hp,)s 1000? 
It is evident that the ratio of disk-friction horsepower, expressed 
in per cent of water horsepower will vary also inversely as the 


square of the specific speed (for ¢: = ¢2) because water horse- 
power is equal for the two pumps. 


= 4 X 0.77 = 3.08 


Actual Disk-Friction Loss Versus Specific Speed. Using 
Pfleiderer’s formula (3), where D is in feet 
(28 
= 10° 


disk-friction loss was computed for double-suction pumps of 
different specific speeds taking actual impeller diameters. This 
loss expressed as percentage of pump brake horsepower (not 
whp) is plotted in Fig. 7. Attention is called to the rapid rise of 
disk-friction loss at specific speeds below 2000. It is interesting 
to note that almost throughout the entire range of specific speeds, 
iia loss is approximately equal to one half of the disk-friction 
OSS, 

Comparing the values for disk friction from the curve, Fig. 7, 
with that given by Equation [26], it is found that the latter gives 
4 greater rate of variation of disk-friction loss with the specific 
speed than that represented by the curve. However, for a small 
variation of specific speed, the ratio of the disk-friction losses 
given by Equation (26] agrees approximately with that from the 
curve, Fig. 7. 

A study of test data by Gibson and Ryan (6) and also Le 
Conte (7) shows that (a) disk-friction loss increases with the 
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clearance between the disk and the stationary wall 4 per cent, 
(b) painting of a rough cast-iron casing reduces the disk-friction 
loss 16 to 20 per cent; (c) polishing the disk reduces the loss 13 
to 20 per cent; (d) badly rusted cast-iron casing walls increase 
disk-friction loss 30 per cent, as compared with a clean bronze 
casing. 

Mechanical Losses. Although the nature of mechanical losses 
in the bearings and stuffing boxes is well understood, there are 
very little actual data available on the value of these losses. 
The difficulty lies in the fact that these losses are small and diffi- 
cult to measure with ordinary equipment of pump-manufacturing 
testing facilities. On the other hand, it is felt that such tests will 
be of slight value to the pump manufacturers in so far as im- 
provement of pump performance is concerned. Both stuffing-box 
and bearing designs are governed by requirements for satis- 
factory mechanical performance. The matter of friction loss in 
both is of secondary importance. Besides, friction loss in the 
stuffing boxes is affected by a number of factors such as size and 
depth of stuffing box, pump speed, method of packing and lubri- 
cation, so that any actual figures of losses would be illustrative of 
a certain type of stuffing-box application only. 

With ball-bearing sizes well standardized, and the high degree 
of accuracy of manufacturing attained, the friction loss in the ball 
bearings varies for the same size and load for different makes of 
bearings. Also, the method of lubrication of ball bearings 
affects the losses in the ball bearing, as is evidenced by the bearing 
running temperatures. It has been found that the type of cou- 
pling between the pump and driver affects the bearing behavior, 
and hence losses, as some couplings impose more or less axial 
load on the thrust-type ball bearings. All these points are 
illustrated in Fig. 8(a, 6, c), where higher ultimate bearing tem- 
peratures indicate higher friction losses. 

Masanao Yendo (4) has found that stuffing-box and bearing 
friction losses are from 2 to 3 per cent of the total brake horse- 
power for 5- and 8-in. single-suction pumps. Within the speed 
limits of Yendo’s tests (5-in. pump, 1400 rpm), it appears that the 
friction losses have a linear relation to the speed. Earlier tests by 
Daugherty (5) show that friction in bearings increases at a higher 
rate than the first power of the speed. Since the brake horse- 
power increases as the cube of the speed, the mechanical efficiency 
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including disk-friction loss should improve with the speed. This 
is offset partially by the fact that high-speed pumps usually have 
larger shafts and bearings and have higher stuffing-box pressures. 

For the purpose of this paper it will be assumed that the stuff- 
ing-box and bearing friction loss is 2 per cent and is independent 
of specific speed. The mechanical efficiency, as defined, is 


Mechanical losses 
Bhp 


= j]— 


Cn = 


.. [29] 


Mechanical losses include the disk friction and stuffing-box and 
bearing friction. By adding 2 per cent bearing and stuffing-box 
friction to the disk-friction loss, mechanical efficiency can be 
calculated for different specific speeds. Using Equation [1], 
hydraulic efficiencies are calculated for different specific speeds 
from known gross efficiencies. These are also plotted in Fig. 1. 
By inspecting this curve, it should be noted that the hydraulic 
efficiency reaches its maximum at a specific speed of 2000, de- 
creasing on both sides of this point. The decrease of hydraulic 
efficiency at lower speeds is caused mainly by increased hydraulic 
friction in the impeller and volute as all hydraulic passages are 
_ small in comparison with the impeller diameter. This is further 
accentuated by the fact that low-specific-speed pumps are built of 
smaller sizes than the medium- and high-specific-speed pumps. 

Decrease of hydraulic efficiency at higher specific speeds is 
caused by lack of proper guidance of water by the impeller vanes, 
due to short vane length and small lap of vanes. An increase in 
the number of vanes introduces additional friction, which again 
will reduce the hydraulic efficiency. The fact that better gross 
efficiencies are obtained at high specific speeds with single-suction 
vertical pumps with diffusion casings, Fig. 9, indicates that the 90- 
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deg turn in the double-suction impeller results in losses which are 
not existent in vertical single-suction pumps of the propeller type. 

However, there are other factors contributing to the higher 
efficiency of vertical pumps of high specific speeds, such as (a) no 
stuffing boxes and no load on radial guide bearings; (b) no disk 
friction, as pumps are generally built with open impellers; (c) no 
suction-nozzle losses and entrance loss reduced to a minimum; 
(d) axial approach and discharge from the impeller; (e) vertical 
pumps are usually submerged, while horizontal pumps are tested 
under suction lift. 

The gross efficiency of vertical pumps is yet further improved 
when two or more stages are used. In that case such losses as 


entrance, discharge-elbow loss (usually charged against the 
pump), and bearing friction, are not increasing in proportion to 
the number of stages; hence their value as percentage of the pump 
power input becomes smaller. 

The hydraulic efficiency as figured from Equation [1] and 
plotted in Fig. 1, for different specific speeds, might be called 
“actual” hydraulic efficiency to distinguish it from the “theo- 
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retical’”’ hydraulic efficiency based on the theoretical head as 
given by Euler’s equation. 


This value, sometimes called ‘manometric efficiency,” is con- 
siderably lower than the “actual” hydraulic efficiency. In fact, 
it is lower than the gross pump efficiency, indicating that the 
theoretical head as given by Euler’s equation is too high. The 
“manometric” hydraulic efficiency was calculated for the double- 
suction pumps and plotted in Fig. 1, for different specific speeds. 
The inconsistency of Euler’s equation for the theoretical head, as 
evidenced by the fact that hydraulic efficiencies are obtained 
which are lower than the pump gross efficiencies, has led several 
investigators to discard this equation as incorrect and to offer new 
theories which are supposed to agree better with the experimental 
results. These have always been followed by bitter discussions 
by the followers of the classical elementary theory. 

Another group of investigators (notably Pfleiderer) endeavored 
to apply corrective factors to the tangential component of the 
absolute velocity c, to make the value of the theoretical head and 
hydraulic efficiency more reasonable. These corrected formulas 
for the theoretical head have always included some experimental 
factor. To determine such corrective factors, two methods are 
possible, i.e., (a), as suggested in this paper, is to evaluate 
mechanical and volumetric efficiency and then use Equation [1} 
to calculate the actual hydraulic efficiency from gross pump 
efficiency found experimentally; (b) hydraulic losses are calcu- 
lated and added to pump total head to obtain the ‘actual’ 
theoretical head. While it is comparatively simple to set up 
formulas for hydraulic losses through the pump, determination of 
the constants for such formulas presents insurmountable diffi- 
culties, particularly if it is intended to extend the same laws for 
all points on the head-capacity curve. 

To make the problem still more difficult, there is no way to 
separate the several items constituting hydraulic losses such as 
friction, shock at entrance and discharge from the impeller, and 
diffusion loss in the impeller and casing, even if the sum of hy- 
draulic losses is determined by some such means as outlined in 
this paper. 

Losses Versus Capacity at Constant Speed. This paper has 
dealt with pump performance and specific speed at the best 
efficiency point. Variation of several losses for the same pump 
at various capacities at constant speed can be determined in the 
following ways: 

1 All mechanical losses, including the disk-friction, stuffing- 
box, and bearing losses, are constant at constant speed. How- 
ever, expressed as a percentage ‘of the brake horsepower, the 
values representing these losses at several capacities will vary, 
depending upon the shape of the brake-horsepower curve, Fig. 4. 
Thus, for low-specific-speed pumps, the brake horsepower is de- 
creasing at partial capacities, hence mechanical losses as per- 
centages of brake horsepower will increase or mechanical efficiency 
will decrease. In Fig. 10, mechanical losses are plotted against 
capacity for a 12-in, double-suction pump of 1900 specific speed. 

2 The leakage loss (gpm) increases slightly as capacity de- 
creases, as a result of higher heads. However, expressed as 
percentage of the total impeller capacity (Q + Q,), the leakage 
loss is rapidly increasing toward zero capacity, where this loss 
reaches 100 per cent value. This has been plotted in Fig. 10, 
for the same pump. 

3 The determination of hydraulic losses for different capaci- 
ties presents very serious difficulties. If Equation [31] 


= 
Hg 
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is used for calculating hydraulic efficiency e, (as has been done 
for the best efficiency point), absurdly low values are obtained at 
low capacities. Calculating the theoretical heads from these 
values of hydraulic efficiencies gives heads much higher than 


which is a maximum possible theoretical head at zero capacity 
with infinite number of vanes and vane angles smaller than 90 
deg. Fig. 11 shows these hydraulic efficiencies e,’ calculated from 


and also the theoretical heads H,’ as given by the hydraulic 
efficiency e,’ or 


The discrepancy cannot be explained by the inaccuracy of 
determination of leakage and mechanical losses. This led 
Pfleiderer to assume the existence of a different kind of loss, which 
is zero at the best efficiency point and a maximum at zero capac- 
ity. This loss of power (not head, because theoretical head is too 
high already) is caused by the exchange of momentum of water 


particles in the impeller passages at the periphery with particles | 


in the volute moving with much lower velocities. It is some- 
what similar to the disk-friction loss. 

Evidently the smaller the capacity the greater are the shearing 
forces between the liquid in the impeller and the volute, and the 
higher is the power absorbed by these shearing forces. Daugh- 
erty (5) realized the existence of such a loss and called it “churning 
loss.” It is believed that a major part of this loss is caused by the 
relative circulation of water within the impeller channels at low 
rates of flow through the impeller (backflow). Such circulation 
is higher with high-specific-speed pumps (less vane surface) and is 
responsible for the power increase at reduced capacities. No 


puneieg have yet been offered for expressing this ‘“‘circulation” 
oss, 
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The following procedure provides means to estimate “circula- 
tion” loss. A reasonable value of the “actual” theoretical head 
is assumed from the following considerations: (a) It is expected 
that the circulation loss is zero near best efficiency point; (6) 
the theoretical head-capacity curve is a straight line; and (c) the 
theoretical head is lower than wuq?/g at shutoff. To satisfy all 
these conditions, a straight line was drawn, in Fig. 11, tangent to 
the theoretical head curve, (H,’), as calculated, disregarding the 
circulation loss and touching it at the best efficiency point. Using 
this theoretical head a true hydraulic efficiency is found (Fig. 11, 


From this a new gross efficiency is found excluding the circulation 
loss, from 


and finally, by dividing (whp) by a new gross efficiency, e’, the 
(bhp)’ is obtained, which excludes the circulation loss 


The latter is found as a difference between the actual (bhp) and 
(bhp)’.. Expressed as percentage of (bhp), circulation loss is 
plotted in Fig. 10. 

From the foregoing outline, it is seen that a study of losses for 
the entire head-capacity range of pumps of different specific 
speeds is really a difficult task, considering variation of head, 
capacity, efficiency, and brake-horsepower curve form with 
specific speed, illustrated in Figs. 2, 3, and 4. 


CONCLUSIONS 


1 The optimum gross pump efficiency of centrifugal pumps 
varies with the specific speed of pumps, reaching its maximum at 
specific speeds of 2000 to 3000 (Fig. 1) for double-suction pumps. 

2 Variation of losses with specific speed at best efficiency 
points is shown in Fig. 7. Hydraulic losses were found by elimi- 
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nating mechanical and leakage losses, knowing gross efficiency of 
pumps. 

3 It has been shown that disk-friction loss and leakage loss 
expressed in percentage of pump output do not depend upon 
pump size and speed. 

4 A general relationship has been established between disk- 
friction and leakage losses and specific speed. 

5 Friction coefficients for the calculation of the flow through 
the annular clearances has been compiled and plotted against 
Reynolds numbers. These are independent of the length of the 
throttling surfaces, their diameter, and the clearance. 

6 “Actual” hydraulic efficiencies were determined for pumps 
of different specific speed and plotted in Fig. 1. Also ‘“‘theo- 
retical’ hydraulic efficiencies are given in the same figure for a 
comparison. 

7 A study of losses at partial capacities at constant speed 
reveals the existence of “circulation” loss. This is a loss of power 
caused by relative internal circulation within impeller channels 
and also from channel to channel. This loss is zero near the best 
efficiency point and is a maximum at zero capacity. This loss is 
greater with high-specific-speed pumps. 
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Discussion 


J. W. Datry.‘ In his analysis, the author makes use of two 
conceptions which, as he indicates, are invitations to an argu- 
ment. It is little wonder, since both are used loosely and badly 
in the literature. The author states that the “theoretical head- 
capacity curve is a straight line irrespective of specific speed,” 
and in another paragraph mentions the so-called ‘‘monometric 
efficiency.”” The two are related in that they appear from the 
consideration of an idealized pump which gives us the so-called 
classical elementary theory. This theory results from a con- 
ception of a flow pattern which conforms exactly to the path 
prescribed by the impeller-vane shape, but which does not ac- 
tually exist in any pump. As a consequence, the head-capacity 


‘Instructor in Mechanical Engineering, California Institute of 
Technology, Pasadena, Calif. Jun. A.S.M.E. 
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curve for this idealized flow is entirely divorced from physical 
facts. Unfortunately, the relations of the classical theory to a 
theoretical head curve based on the true state of affairs is usually 
not made clear. The basis of the pump theory; i.e., the principle 
that the rate of change of angular momentum which the fluid 
undergoes as it passes through the machine is proportional to the 
torque applied, is a general theorem which must hold for the 
actual as well as the ideal machine. The theoretical equation 


for head 
h — usC'scos a, — 
g g 
where 
h = head 
u = tangential velocity of impeller 
Cu = Ccosa = tangential component of absolute velocity 


of flow 


is merely an expression of the theorem and can be used for any 
pump, if the true values of the velocities and angles are inserted. 
It will represent then the theoretically possible head for the 
actual machine under consideration.’ Note that this is still a 
theoretical head since losses have not been deducted, but that it 
is something entirely different from the “idealized” head curve 
obtained by assuming no deviation of the flow from the ideal 
path prescribed by the impeller-vane shape. The hydraulic 
losses are the difference between this head and the measured 
net head. 

It is true that determination of the actual velocities and 
angles of flow is difficult, but some measurements® have been 
made, indicating not only that the flow deviates from the ideal 
path, as is generally recognized, but that the amount of deviation 
changes with the discharge. These observations mean that 
the theoretical head for the actual machine, as calculated from the 
foregoing equation, will not only be less than the ideal head, but 
that the head-capacity curve will not be linear. From this view- 
point it is clear that the use of a linear-head relationship is per- 
missible only on the assumption that the curvature effects are 
small. This may or may not be true. Similarly, it follows that 
the comparison of the ‘“‘ideal’’ head and measured head curves to 
give the “manometric efficiency” is of value only in that the 
latter quantity gives some indication of the amount of deviation 
of the actual flow from the idealized flow. 

In the discussion of the losses versus capacity at constant 
speed, the author makes use of the conception of a “circulation 
loss” which varies continuously from zero at the best efficiency 
to a maximum at shutoff. The writer agrees that the major 
part of this loss is probably caused by “backflow” circulation. 
Measurements in the hydraulic machinery laboratory at the Cali- 
fornia Institute of Technology have definitely established the 
existence of backflow through the impeller, accompanied by pre- 
rotation at the impeller inlet, for lower than normal rates of 
flow.6 This should absorb a large share of the horsepower ex- 
pended as the capacity is reduced to zero. 

The assumption that the “circulation losses” are a minimum at 
the best efficiency point is reasonable where no information to the 
contrary is available. A study of the cavitation behavior of a 
given pump, operating at constant speed over a wide range of dis- 
charges, has indicated that the optimum operating point for the 


5 This quantity is called ‘‘head input’’ by some authors, e.g. 
“Hydraulics,” by R. L. Daugherty, McGraw-Hill Book Co., Inc., 
New York, N. Y., 1937. 

* “Experimental Determinations of the Flow Characteristics in the 
Volutes of Centrifugal Pumps,” by R. C. Binder and R. T. Knapp, 
Trans. A.S.M.E., vol. 58, 1936, pp. 649-661. 

Also, unpublished results of additional measurements of the 
velocities at the impeller inlet and discharge made in the Hydraulic 
Machinery Laboratory of the California Institute of Technology. 
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impeller is sometimes quite far from the best efficiency point.’ 
This probably also indicates that the so-called “shock” losses are 
a minimum at some other point than the best efficiency. 

In closing, the writer would like to point out that a starting 
point for the evaluation of losses in a centrifugal pump can very 
well be the torque (brake-horsepower) curve, after elimination of 
the mechanical- and disk-friction losses. In addition to its rela- 
tion to the proper theoretical head, as just indicated, the torque 
or brake-horsepower is very often the most reliable measurement 
obtained in laboratory tests. This should contribute to the ac- 
curacy of the evaluation. 


O. H. Dorer.® Gross or net efficiency may be considered, as 
in this paper, as a product of three other efficiencies. However, 
it is disputed that bearing and stuffing-box loss is as high as 
given. It is further difficult to determine from a pump test the 
extent of H, referred to total generated head, and thus be able 
to calculate leakage loss exactly. 

Working an example from Fig. 1 of the paper; 6000 gpm, 
90 per cent net efficiency, ns = 2000, there results a pump of 
225 ft head, 1500 rpm, 378 hp, total losses = 37 hp. 

From Fig. 7 of the paper, losses figure about as follows: 

(a) Stuffing box and bearings, 7 hp. This appears very high 
and must require water-cooled boxes and bearings. 

(b) Leakage horsepower = 5.6 which is equivalent to about 
120 gpm, 175 ft head, roughly in agreement with Fig. 5, and 
also with C = 0.75inQ = CAV. 


Ds N3 


(c) Disk horsepower = 11.2 = 65 x (lo) 


assume = l. 

(d) This leaves 13.2 hp to be charged as hydraulic loss, giving 
a hydraulic efficiency of 96.5 per cent, which is disputed. 

It is very probable that bearing losses are considerably less 
and this leaves a larger‘ amount of horsepower chargeable as 
hydraulic loss. 

Our practice is to charge leakage against hydraulic loss, and 


all other losses against disk horsepower. Tests of a dummy im- 
N3 


peller indicate covers these latter losses. Our tests in- 


volved 10 hp as against 18.2 of the foregoing example, and the 
proportionate bearing loss (using percentage values of Fig. 7) 
would be 3.85 hp. We know such an amount of horsepower could 
not have been used; the ball bearings operated entirely normally 
without cooling, ete. 

Accordingly, the high hydraulic efficiency shown (viz. 96.5 
per cent) would not obtain, and this figure reduces to 93.5 per 
cent. Following through for other specific speeds, the hydraulic 
efficiency will be a flatter curve, and this nullifies the apparent 
peak of hydraulic efficiency shown in Fig. 1 at 2000 n,. 

We do not credit a 6000-gpm pump with more than 92.5 per 
cent hydraulic efficiency (about 89 per cent net) and would cal- 
culate 14.5 hp chargeable to bearings, stuffing boxes, and disk 
loss, which leaves 21 hp chargeable to hydraulic loss, still leaving 
5.6 hp as leakage loss. This 21 hp equals 13.8 ft of head at 6000 
gpm flow. 

Now, when viscous oils are handled, there is a breakdown in 
the head and an increase in horsepower due mainly to disk- 
friction effects. Assuming an oil 1000 times more viscous than 
water, the spiral friction plus impeller loss increases 3/3 times, 
since the Reynolds number has decreased 1000 times. This 
works out to approximately 46-ft total loss, or a net developed 


7“A Theory of Cavitation Flow in Centrifugal-Pump Impellers,” 
by C. A. Gongwer, Trans. A.S M.E., vol. 63, 1941, pp. 29-40. 

* Assistant Manager, Centrifugal Pump Engineering Division, 
Worthington Pump and Machinery Corporation, Harrison, N. J. 
Mem. A.S.M.E. 


head of 225 + 13.8 — 46 = 192.8 ft. From other data, the ex- 
pected developed head is approximately 187 ft (about 6 ft less 
than is obtained by means of this calculation). With 96.5 per 
cent hydraulic efficiency, the breakdown in head is about 28 ft, 
resulting in a developed head of 205 ft, which is too high a figure. 

On the other hand the disk horsepower increases approximately 
as 1000* or to 176 hp which makes a net efficiency of 52 per cent. 
(Note that the coefficient 0.36 is not constant with viscosity 
changes.) 

Using the author’s hydraulic efficiency and disk-horsepower 
determination results in much less head loss and much higher 
net efficiency than is known to be obtained on oils. 

In conclusion, we believe it to be necessary to check perform- 
ance on viscous fluids to develop the facts as to the relative losses 
caused by disk friction, leakage, and stuffing-box-bearing loss. 
This paper stresses certain of these losses so we can really visu- 
alize them and aids in confirming the water analysis of centrifu- 
gal pumps. 


Karu Extunp.® The author’s final statement that “... a 
study of losses for the entire head-capacity range of pumps of 
different specific speeds is really a difficult task...,” certainly 
cannot be denied in view of the multitude of contributing vari- 
ables. The author’s approach to the problem is interesting and 
instructive, to say the least; although it is believed that his con- 
clusions in all cases have not considered all pertinent variables 
to the question. The main difficulty to the use of specific speed 
(N,), speed factor ¢, and all other definitions to the technical 
practice, such as unit speed and unit discharge, is that the rela- 
tions expressing these functions hold between two machines only 
at the same efficiency and only if the influence of Reynolds num- 
ber is neglected. 

The writer has made no attempt to derive the author’s Equa- 
tion [3] from the basic Equation [4], but suggests that if Q; en- 
tered Equation [3] through the relation that V (Equation [4]) 
equals Q, divided by the clearance area, which is noted to be 
D(a/2), then a recheck is in order, because the clearance area 
can be more closely approximated by (xDa) rather than one half 
that value. This can be seen by the fact that the clearance area 
is (x/4) [((D + 2a)? — D*}. 

It is believed the recheck will show that the author’s friction 
coefficient (Fig. 5, and Equation [3]) is one fourth the true fric- 
tion coefficient. If Fig. 5 were then amended, by multiplying 
by 4 all friction coefficients shown thereon, it would become evi- 
dent that the author’s curves (Fig. 5) could be substantially 
represented by F = (64/R), to an upper limit of R = 1584, (i.e., 
Q/D = 2 in the author’s dimensions), where R is the true Rey- 
nolds number rather than one in terms of gallons per minute per 
inch. The author will then have shown that the friction factor 
for laminar flow, as derived from the classical theory, is appli- 
cable in this specific instance of laminar flow. 

The author states that “disk-friction horsepower varies as the 
pump output,” and in accordance with his Equation [19]. These 
statements are not to be denied. Their completeness, however, is 
questionable. Dimensional analysis indicates that the author’s 
Equation [19] might be written 


hp, = [38] 


where p is the mass density of the fluid pumped. Test data placed 
on file by the writer at Cornell University in 1939, indicate that 
there is a relationship between disk-friction horsepower and the 
Reynolds number. In this instance data were obtained by ro- 
tating a disk in a closely confined space occupied consecutively 
by ten different fluids of known kinematic viscosity. The test 

* Lieutenant Colonel, Corps of Engineers, U.S. Army. Fort Bel- 
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data were rather meager, in that (D5N*) was a constant through- 
out, but did indicate the following relationship 


The writer had occasion (1939) to examine the performance 
of a centrifugal pump in terms of the Reynolds number. Some 
very interesting relationships were found. That Reynolds num- 
ber must be considered is evident from the fact that a complete 
study of the forces acting must consider pressure forces, gravity 
forces, inertia forces, viscous forces, and elastic forces. The con- 
sideration of all of these forces leads to the conclusion that the 
head produced by a pump is a function of Reynolds number, 
Froude number, and an operating characteristic. 

The form of this function can be ascertained by dimensional 
analysis. Neglecting gravity forces (cavitation) and elastic 
forces, the function can be put in the following form by straight- 
forward reasoning 


ott Q e\ 


where d is the impeller diameter, constant A is a function of pump 
size, and constants B to F (inclusive) are specific functions of the 
Reynolds number, all other terms being in the author’s terminol- 
ogy. It will be noted that this is a dimensionless equation in 
terms of R and an operating characteristic. An application of the 
foregoing equation to a specific double-suction volute pump leads 
to the determination of the specific functions of R, which are 
illustrated in Fig. 12 of this discussion. 

Curves D’, E’, and F’ (Fig. 12) should be disregarded in so far 
as this discussion is concerned. The figure shows that a definite 
discontinuity exists in all curves at the same point, which can be 
taken as the critical R(R,) below which laminar or viscous flow 
predominates. Note that the friction losses (constant C) are a 
function of the reciprocal of R in the viscous region (Hagen- 
Poiseuille Law) and indicative of a rough equivalent circular 
pipe in the turbulent region. Note also that shock losses (con- 


stants D, E, and F) are virtually independent of R in the turbu- 
lent region, as might be anticipated from the fact that these losses 
are akin to a form resistance dependent upon pump geometry. 

Since Fig. 12 expresses losses in dimensionless terms, it can be 
used as a basis for the prediction of the performance of similar 
pumps under any conditions of head, discharge, size, or fluid 
pumped, with results accurate to the extent that the Froude 
number (cavitation) can be neglected. Points of maximum ef- 
ficiency can also be predicted with reasonable accuracy from these 
curves, as well as can the complete curves for flow efficiency 
(i.e., hydraulic efficiency), shock loss, and friction loss for any 
operating condition or pump size desired. 


R. G. Fotsom.!® Problems dealing with the relative magni- 
tudes of the small losses taking place in centrifugal pumps are 
difficult of analysis, and it is encouraging to find that the author 
has attempted to develop logical methods of approach. 

Leakage Loss. It should be noted that the clearance effects 
é, = volumetric efficiency and e,, = mechanical efficiency. The 
latter is due to energy required to rotate one wearing ring with 
respect to the stationary one, when the clearance space is filled 
with a real fluid. It would be interesting to have the author’s 
estimate of the approximate order of magnitude of this power 
loss for normal commercial-pump construction. 

If the basis of Equation [4] is correct, the magnitude of values 
of f in Fig. 5 of the paper should correspond approximately to 
experimental values obtained in the usual pipe-friction studies 
by use of the Weisbach equation. For sections other than cir- 
cular, this equation is written as 


since D = 4m for circular pipes. From the definition of the hy- 
draulic radius (the cross-sectional area divided by the wetted 
perimeter), m for the space between the wearing rings is a/2 in- 


1%” Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. Mem. A.S.M.E. 
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stead of a/4 as used by the author. Using the correct value of the 
hydraulic radius and the foregoing definition of f’, the author’s 
value of f should be multiplied by 8 to have the magnitude for 
direct comparison to the normal pipe-friction coefficients. The 
multiplication to obtain the dimensionless Reynolds number then 
becomes about 1600. 

Changing the magnitude of the co-ordinates of Fig. 5, in order 
to compare the experimental values of f with the usual pipe- 
friction values, it is found that the author’s values are in the 
order of twice the normal pipe experimental coefficients. Since 
the actual length of fluid travel through the clearance space is 
greater than the length L, due to the average peripheral-velocity 
component caused by the rotating ring, the magnitude of the 
values in Fig. 5 should be greater than the corresponding smooth- 
pipe coefficients. In order to have a satisfactory correlation of 
coefficients on the basis of Reynolds number, some consideration 
of the influence of the rotating wearing ring must come into the 
basic equation (Equation [4]). Without this added correction, 
the general applicability of Fig. 5 is not much more than that of 
the coefficients defined in Equation [2]. 

Disk Friction. It is possible to obtain directly an approximate 
relationship between the magnitude of the disk-friction power 
loss and the specific speed, through consideration of the efficien- 
cies expressed in Fig. 1 and Equation [28] for the disk-friction 
loss. 

It will be assumed (following the author’s procedure) that the 
equation for disk-friction loss applies throughout the specific- 
speed range being considered. This equation is the author’s 
Equation [28] 

hp, = 0.38 X 
Taking the ratio of disk-friction power loss to the water horse- 
power 
__QuH__ 
550 X 448.8 
From the definition of specific speed 


2 
n 


Then 
1503 10~* (nD)* 
n,? H'/* 
Using the design factor 
Us 


and the definition 
rD, 
60 


= 
Then 
12.8 104 
n,* 


The disk friction may be expressed as a percentage of the 
pump brake-horsepower through 


12.8 X 10° 


n,* 


5’ = 100 de = 


From this equation with values of e taken from Fig. 1, it is 
possible to obtain a disk-friction loss versus specific-speed curve 
similar to the one presented in Fig. 7 of the paper. 
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I. J. Kanrasstx.!! The nomenclature used in the discussion 
which follows differs slightly from the author’s, because it was de- 
sired to conform as nearly as possible to the recently published 
standards for hydraulics and hydraulic machinery.'* In order 
to avoid any misunderstanding, the variations are as follows: 


7 = gross pump efficiency 
m = hydraulié efficiency 
= volumetric efficiency 


Nm = mechanical efficiency 
P, = brake horsepower 

P, disk horsepower 

P,, = mechanical horsepower 


The gross efficiency of a centrifugal pump is expressed by the 
author as the product of three efficiencies in the equation. 


This expression, rarely used in the past, is of great interest be- 
cause it presents a simpler method of evaluating the component 
parts of the pump efficiency than the more complicated relation 
used by Pfleiderer. 

However, it is obvious from this equation that disk-friction 
losses and the mechanical losses proper, that is, stuffing-box and 
bearing losses, are combined into a single term. The mechanical 
efficiency based on this conception is then defined as 


P,— + 


mn = 


When dealing with water, this procedure is more erroneous than 
it is dangerous. If, however, the effect of viscosity is to be taken 
into consideration, as it needs to be when a centrifugal pump is 
handling viscous fluids, the fallacy of multiplying mechanical 
losses by a viscosity correction factor is so obvious that no further 
reason need be given for discarding this practice. Instead, it is 
suggested that the mechanical efficiency of a centrifugal pump be 
henceforth defined as 


while a new conception, the “disk-friction efficiency,” is intro- 
duced and defined as 


To be absolutely exact, it would have been necessary to define 
it as 


However, such a definition would lead to unnecessary compli- 
cations without adding appreciably to the accuracy of the com- 
putations. It must be considered that the average mechanical 
losses in a centrifugal pump do not exceed 2 per cent of the brake 
horsepower and that the error introduced by substituting Equa- 
tion [44] of this discussion for Equation [45] is of a minor nature. 
This error can be easily approximated. If it is assumed that in 
a given pump the following relations prevail 

4 = 100 


P; = 10 P, =2 


1 Application Engineer, Worthington Pump & Machinery Cor- 
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12 “American Standard Letter Symbols for Hydraulics,”” American 
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the disk-friction efficiency as determined by Equation [45] is 


(100 — 2) — 10 
100 — 2 


= 0.898 


while on the basis of Equation [44] it becomes 


and the error is of the order of 0.2 per cent. Since the evaluation 
of the component parts of the pump gross efficiency cannot hope 
to be accurate within this order of magnitude, it is entirely proper 
to deviate from the exact to the practical. It is hoped, therefore, 
that the practice of separating mechanical losses proper from 
disk-horsepower losses will become generally accepted. 

It is unfortunate that hydraulic engineers have not followed 
more widely the lead of their aeronautical colleagues in the habit 
of dealing with consistent units. The use of mongrel units 
reaches a high degree of inconsistency in the definition of the 
Reynolds number of a centrifugal pump in terms of gallons per 
minute, inches, and centistokes. The use of gallons per minute 
instead of cubic feet per second, and inches instead of feet, is un- 
fortunate enough without the substitution of centistokes bor- 
rowed from the c.g.s. system for the perfectly natural feet square 
per second English unit for kinematic viscosity. The danger of 
using mixed units arises from the fact that no guarantee exists 
which will insure that all hydraulic engineers will use the same 
mixture, with the consequent result that comparisons of re- 
corded test data become unnecessarily difficult and unreliable. 
On the other hand, the use of consistent units renders the Rey- 
nolds number truly dimensionless, and test data can be compared 
easily even though one engineer has been using the c.g.s. system 
and another the English-units system. 

It is interesting to note that the author makes reference to a 
conversion factor which can be used to express the Reynolds 
number in fundamental (dimensionless) units. Hydraulic engi- 
neers should, however, go further than this and avoid the use 
of inconsistent units altogether. 

A relation is developed by the author for the ratio between the 
disk horsepower of pumps of the same output but of different 
specific speeds and is given as 


It is also stated that if ¢; = 2, the disk-friction horsepower will 
vary inversely as the square of the specific speed. The assump- 
tion that ¢ will remain constant and independent of the specific 
speed is erroneous and the gravity of the error is magnified in this 
particular case since the ratio of the ¢ factors appears in the fifth 
power. Having plotted hydraulic, gross, and manometric ef- 
ficiencies along with numerous other pump variables against 
specific speeds, the author could have gone a step further and 
included a curve of ¢ versus n, for average designs. Such a curve 
would have shown that the relation between these two variables 
can be expressed in the form 


where a is a constant, depending upon whether the value of n, 
is based on gallons per minute or cubic feet per second, while the 
exponent 6 is approximately 0.114. 

Replacing for ¢ in the author’s Equation [26], we -~" 
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a relation possibly more difficult to memorize but, at least, more 
accurate than Equation [27] of the paper. 

Although disk-friction formulas are very frequently cited by 
pump engineers, it is to be suspected that there is more diver- 
gence between the various accepted formulas than there is reason 
to be. This divergence is of the order of 25 to 30 per cent between 
the lowest and highest formulas in use, and it is hoped that a test- 
ing technique may soon be developed which will settle the matter 
once and for all, a reliable and accurate relation being developed 
which would be acceptable to all pump designers. 

In connection with these disk-horsepower formulas, it may be 
advisable to mention that they are generally developed for water 
as the fluid handled by the pump, and therefore hide the specific 
weight in the constant itself. It is safer to make the formula in- 
clude a specific-gravity multiplier, lest the user forget to do so 
when a fluid other than water comes into consideration. 

Elsewhere, it has been mentioned that Fig. 4 of the paper indi- 
cated that pumps of lower specific speed have a brake-horse- 
power curve which falls off faster toward shutoff, and therefore 
this type of pump was more suitable for boiler feed service since 
advantage may be derived at light loads from a faster decrease 
in horsepower consumption in an 1800-rpm pump when compared 
to a 3600-rpm pump. Such a conclusion neglects taking a few 
important facts into consideration: To begin with, it is well 
known that a pump designer has a certain leeway in his selection 
of impeller angles and fluid waterways so that the shape of the 
horsepower curve may be varied somewhat within limits. In 
addition, whatever advantage may have been obtained by the 
use of the lower specific speeds is more than used up because of 
the higher disk-friction horsepower, which varies as the fifth 
power of the impeller diameter, and only the third power of the 
speed. These facts are so well known that, at the present time, 
countless boiler feed pumps, operating at speeds in excess of 
5000 rpm, are in use aboard ship. 


R. T. Knapp.'* Dr. Stepanoff is to be complimented upon 
this paper as it is a distinct contribution to the literature on 
centrifugal-pump design. The author’s analysis of the various 
factors affecting pump performance, and the discussion of the 
effect of changing specific speed upon these individual factors, 
are items of particular value in this paper. It must be empha- 
sized, however, that the trends the author points out are just 
trends and that there may be other design factors which are of 
greater magnitude than the change of specific speed. For 
example, in Figs. 2 and 3 the author shows typical Q-H and 
efficiency curves for different specific speeds. These are repro- 
duced in Fig. 13 of this discussion. Superimposed upon them 
will be seen the head-capacity and efficiency curves for a series 
of pumps tested in the laboratory of the California Institute of 
Technology. It will be observed that these latter curves do not 
always fall in their proper placts in the series presented by the 
author; and, moreover, that the variation in the steepness of the 
head-capacity curves is a great deal wider than would be ex- 
pected on the basis of the author’s series. Similar discrepancies 
will be noted in the efficiency curves. 

The writer feels that the general value of some of the equations 
in the paper has been lessened by the use of a nonconsistent 
series of dimensions or by nonstandard definitions of well-ac- 
cepted terms. For example, Equation [3], which is called an 
equation of leakage loss, is solved instead for the square of the 
leakage loss. In it the leakage is measured in gallons per minute, 
the head in feet, the diameter in inches, and the clearance in 
thousandths of an inch. Term f is defined as the coefficient of 
friction, but an examination of Equation [4] shows that it is 


18 Associate Professor of Hydraulic Engineering, California In- 
stitute of Technology, Pasadena, Calif. 


100 — 10 
Na 100 
46 


STEPANOFF—CENTRIFUGAL-PUMP PERFORMANCE AS A FUNCTION OF SPECIFIC SPEED 


+ 
130 if 
J 
< 
z 
9) 
~ 
w 
| | 
a SPetos 
< 
100 
2 
» 
2 
& 
Te 
Capacity - Per Cent of Norma. 
Fic. 13) Q-H Erriciency Curves WITH SuPERIMPOSED HEap- 


Capacity CURVES FOR DIFFERENT SPECIFIC SPBEDS 


actually the drag coefficient Cz, which is numerically equal to 
one fourth of the coefficient of friction, as normally defined in 
the usual pipe-friction formula. Again, in Equation [6], Rey- 
nolds number is defined as the flow in gallons per minute di- 
vided by the diameter in inches. Unfortunately, this is not Rey- 
nolds number, but only something that is roughly proportional 
to it for cold water. Reynolds number is properly defined in 
Equation [7]. However, here the author has made another error 
by defining the velocity v as the capacity in gallons per minute 
divided by the area in square inches. Furthermore, Equation [6] 
has no physical significance in respect to the leakage loss, because 
the diameter D has nothing to do with the head loss through the 
clearance space. This loss depends upon a and L. The only 
possible connection with D would be through the unjustified as- 
sumption that a varies linearly with D. 

The writer fails to understand the argument of the author in 
the paragraph on leakage loss versus specific speed, in which the 
statement is made that the leakage loss is greater for smaller 
pumps as the clearances cannot be reduced below a certain mini- 
mum; also because the wearing rings of larger pumps are wider 
and the coefficient of discharge C is smaller. The coefficient C is 
basically a function of the ratio of the wearing-ring width to the 
clearance. In most cases, the wearing rings are proportionately 
wider in smaller pumps than in larger ones. Thus, it seems that 
only the first half of the author’s statement is correct. 

The writer always has a vague feeling of uneasiness when he 
observes a normal disk-friction equation being applied to the 
runner of a hydraulic machine. Practically all experimental work 
that has been done on the subject merely used disks revolving in 
cases. Such experiments failed markedly to simulate actual 
pump conditions. It is possible, however, that these equations 
give a fair estimate of the power transmitted to the fluid in the 
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clearance spaces from the impeller disk. However, there is no 
adequate justification for the further assumption that this power 
is all lost. The writer has previously pointed out,'* as quite 
possible, the fact that a substantial but unknown fraction of this 
power may be recovered in the volute. This fraction may also 
vary with specific speed. Such a power regain may explain a 
seeming paradox which exists in present pump design. 

As the author indicates, test data by Gibson, Ryan, and Le- 
conte show that disk friction increases as the clearance between 
the disk and the stationary wall is increased. However, it has 
been found in general American practice that higher over-all 
efficiencies are obtained with pumps having large clearances be- 
tween the disk and the case than with pumps having similar de- 
sign but smaller clearances. The tacit assumption has been that 
in some miraculous way the larger clearances permitted better 
flow in the volute, which resulted in increased efficiency of energy 
transformation in the fluid discharged from the impeller. The 
increase in efficiency from this source has been assumed to more 
than balance the extra loss from the increased disk friction. How- 
ever, it is extremely difficult to see physically why the flow condi- 
tions in the volute should not become worse rather than better as 
the clearance increases. May it not, therefore, be equally proba- 
ble that the true explanation of the increased efficiency is the 
exact reverse of this, i.e., that the increased clearance made it 
possible to deliver to the volute part of the energy that was trans- 
mitted to the fluid through disk friction, and the increased ef- 
ficiency due to this added energy may more than counterbalance 
the poor flow conditions in the volute introduced by the added 
clearance. 

In discussing the factors which contribute “to the higher ef- 
ficiency of vertical pumps at high specific speeds,” the author 
states that ‘‘such pumps have no disk friction as they are gener- 
ally built with open impellers.”’ It is believed that this is a mis- 
taken idea. The concept of disk friction involves the slippage 
between a rotating body of fluid and a solid surface. In a pump 
having a shrouded impeller, such loss can occur (a) between the 
fluid in the clearance space and the impeller disk, and (b) be- 
tween this same fluid and the case. The fluid is assumed to rotate 
at some speed between that of the case, i.e., zero, and the impel- 
ler. In the open impeller with no shrouds, the main slippage is 
between the rotating fluid and the case, but now the fluid velocity 
is compelled by the open vanes to be nearly that of the impeller 
so that the rubbing velocity between the fluid and the case is 
higher than it is with the shrouded impeller. As the author 
points out, the loss is generally assumed to vary as the cube of the 
slip speed. Thus, this doubling of the actual rate of slip indicates 
that the energy lost in friction on the stationary surface in the 
open-impeller pump may be more than the combined disk fric- 
tion in the comparable closed-impeller unit. 

The author, in his discussion of manometric efficiency versus 
actual hydraulic efficiency, states that one way to obtain the 
“actual’’ theoretical head is to calculate the hydraulic losses and 
add them to the pump total head. In discussing the application 
of this technique, he states that the determination of the con- 
stants in the expressions for the hydraulic losses present “‘insur- 
mountable difficulties,’ and in the following sentence states, 
“there is no way to separate the several items constituting hy- 
draulic losses such as friction, shock at entrance, and discharge 
at the impeller and diffusion loss in the impeller and casing.” 
The writer is forced to disagree with these statements on the 
basis that trial attempts to determine experimentally these dif- 
ferent sources of loss have met with very fair success in the hy- 
draulic machinery laboratory of the California Institute of Tech- 


14 “Experimental Determinations of the Flow Characteristics in 
the Volutes of Centrifugal Pumps,’”’ by R. C. Binder and R. T. 
Knapp, Trans. A.S.M.E., vol. 58, 1936 pp. 649-661. 
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nology. Furthermore, it is the writer’s conviction that a large 
fraction of significant progress in centrifugal-pump and turbine 
design in the future is going to come as the result of carefully con- 
trolled experimental laboratory investigations, designed specifi- 
cally for the purpose of ascertaining what actually happens in 
an operating hydraulic machine, not only at the “design point,” 
but throughout the entire possible range of operation. 


C. R. Mocxrince.'® An investigation of stuffing-box friction 
losses was under way at the Harrison plant of the Worthington 
Pump and Machinery Corporation before the beginning of the 
present war. Its completion was of necessity postponed until 
normal business conditions return. The results so far have 
shown that the loss is relatively small in large pumps. In small 
pumps its proportion is liable to be higher, necessitating greater 
care in the selection of the packing and sleeve materials, and in the 
adjustment of the gland. 

The frictional horsepower absorbed in stuffing boxes in cold- 
water service depends upon the following factors: 

1 Kind of packing 

Finish, concentricity, and material of the shaft sleeve 

Length of the stuffing box 

Diameter of the shaft sleeve 
Revolutions per minute of the shaft sleeve 
Fluid pressure sealed against 

Leakage from the stuffing box. 
he apparatus, used in the tests which were made, consisted 
of a freely supported housing or body containing two packed stuf- 
fing boxes under an adjustable water pressure, and an independ- 
ently supported and driven shaft. The frictional resistance of the 
packing tended to make the housing rotate, and the torque neces- 
sary to hold it stationary, in conjunction with the speed, measured 
the friction. Provision was also made to collect the leakage and 
measure the degradation of pressure-through the packing. 
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Fig. 14 of this discussion shows a set of curves obtained from 
one of the test runs made. It should be noted that the frictional 
torque is very high with a tight gland and small leakage, but that 
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it decreases rapidly as the gland is loosened and the leakage in- 
creased. The torque increases to some extent when the packing 
pulls away from the bottom of the box on further loosening of the 
gland, but this effect is not as marked with higher fluid pressures. 

Fig. 15, which is derived from Fig. 14, shows the frictional horse- 
power plotted against speed for the optimum leakage. The con- 
dition of optimum leakage normally exists in service when the 
gland is initially drawn up tight, then loosened and drawn up 
finger-tight, this being followed by a run-in period. 

In normal service with double-suction pumps, the fluid pressure 
against the packing is generally less than atmospheric pres- 
sure. In order to prevent air being drawn into the pump on suc- 
tion lift, water under pressure is introduced into sealing rings 
located in the packing space. This sealing pressure breaks down 
to the suction pressure at the bottom of the box, and to atmos- 
pheric pressure at the gland. As most of the friction is developed 
near the final breakdown points, and two breakdown points exist 
in each box, the actual friction with water seal will be approxi- 
mately twice the amount shown in Fig. 15. 

The discussion of circulation loss in this paper is of considerable 
interest to the pump designer. If the circulation loss at the 20 
per cent capacity point is calculated, as outlined in this paper, 
it will be seen that its percentage increases with n,. The writer 
recently plotted a curve from more than fifty tests on Worthing- 
ton double- and single-suction volute pumps, where the funda- 
mental proportions of the impellers were not unduly distorted. 
This curve, given in Fig. 16 of the present discussion, shows the 
effect of circulation loss on the shutoff horsepower and is a plot 
of b/D against K, where 


Shutoff horsepower 
n \?/ D\§ 
(cies) 


b = impeller water way width, in. 
D = impeller diameter, in. 


n = speed, rpm 


Ke 


An average of the points plotted could be represented by a 
smooth curve for double-suction and single-suction impellers up 
to b/D = 0.38. 
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Fig. 17 shows some of the points calculated in the lower range 
of the curve using a logarithmic scale for K only. Leakage and 
stuffing-box losses were neglected in the computation since the 
original purpose of the curve was to provide a means of estimating 
the shutoff brake horsepower on an impeller before test. It un- 
doubtedly would have been better to include these losses, although 
their values could only be roughly estimated. It is also possible 
that the scatter of points could be reduced by taking into account 
the relation of casing-throat width to impeller width, and by 
some classification of impeller design. 

The curve, in Fig. 17 of this discussion, has been extrapolated 
to show the limiting value of K as b/D approaches zero, since at 
this point, brake horsepower at shutoff = disk friction (neglect- 
ing leakage and stuffiing-box losses). The K value at b/D = 0 
is called Ko, and the values of Ko used by several recognized au- 
thorities in computing disk friction have been indicated on the 
curve. The writer believes that a refinement of this method 
of determining the disk-friction constant Ko is more correct for 
centrifugal pumps than one which is based on experiments with 
flat disks. 

Term K was first plotted against n, but since there was con- 
siderable scatter, the ratio b/D was tried and found to be better. 
The ratio b/D may be related to n, in the following manner 


U2 DXn 
1840°/H 
Uz: = peripheral speed, fps 


Lf Q(gpm) 
~WHxX70 xX bD 


allowing for area occupied by vane tips; where V, = radial veloc- 
ity at impeller exit. 
If the values of n and Q are substituted in 


where 


the following relationship is obtained: 
b 
n, = 15,400 (+) ov K,, 


in normal design ¢ varies from 0.90 to 1.4 and K,, varies from 
0.1 to 0.2, hence eV K,, varies from 0.28 to 0.63. It is possible to 
draw lines of constant ¢V K,, and an n, scale in Fig. 16 of this 
discussion, thus making it possible to locate the n, values for a 
given ratio of width to diameter when ¢ and K,, are known."® 

The following typographical errors were found in the text of 
the paper: 


1 In Equation [14] ‘‘=const” should be eliminated. 


hanical | 
2 Equation [29] should read ¢, = 1 — ————— 
brake horsepower 


The statement below Equation [19] of the paper, that K is a 
numerical constant, depending upon the units used is not cor- 
rect, since K is also an empirical factor. In Equation [28], it 
would have been desirable to state that D is measured in feet. 
Also the term “radial clearance,” in the writer’s opinion, would be 
better than ‘‘diametral clearance,” since the value used is one 
half of the clearance determined by the use of inside and outside 
micrometers. 


16 These lines have been omitted as they are not considered essential 
for the present discussion. 
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Arvip Pererson.!?7 While this paper does not disclose any- 
thing that is not known to engineers in the centrifugal-pump in- 
dustry, it should, however, be of considerable interest to users of 
centrifugal pumps. 

Curves showing pump efficiencies, as function of specific speed, 
similar to the one in Fig. 1 of the paper, have been published be- 
fore, such as those by R. L. Daugherty!8 and by R. G. Folsom.'® 

The method described for calculating the hydraulic efficiency, 
i.e., from the gross efficiency, as determined by test and elimina- 
tion of losses which can be determined with a fair degree of ac- 
curacy, such as leakage, disk, stuffing-box and bearing friction, is 
well known and has been used for many years by pump designers. 

The curves, shown in Figs. 2, 3, and 4, of the paper, are very in- 
teresting. The writer agrees that only slight variation from 
average curves for a given specific speed is possible without ap- 
preciable sacrifice in efficiency. 

It is interesting to note that the power required by the pump at 
partial capacities and constant speed is less for a lower-specific- 
speed pump than for one of higher specific speed. This is impor- 
tant when it comes to selection of pumps which must operate a 
great deal of the time at reduced capacities. 

These curves should, therefore, be of great interest and help to 
users of centrifugal pumps. For instance, a high-specific-speed 
pump, such as a propeller pump, operating at one-half capacity 
requires about 75 per cent more power than it does at full capac- 
ity, while a lower-specific-speed pump, such as a mixed-flow pump, 
requires only about 20 per cent more power at one-half capacity 
than it does at full capacity. In the case of a straight centrifugal 
pump, the power consumption is lower at one-half capacity than 
it is at rated capacity. 

In the case of boiler-feed and other high-pressure pumps, it 
will often be of advantage for a customer to buy an 1800-rpm 
pump instead of one operating at 3600 rpm because of the lower 
power consumption at reduced capacities. 

One of the curves, in Fig. 7 of the paper, indicates that, for a 
definite specific speed, the leakage loss is a fixed percentage of 
the water horsepower. While this may be true theoretically and 
for strictly similar pumps, it does not apply in practice. 

If we should consider two pumps both designed for 1000 gpm, 
one designed for 165-ft head at 1750 rpm, and the other one for 
3 times as high head, or 495 ft at 4000 rpm, the specific speed of 
both would be the same, or 1200. With impeller-eye diameters 
and ring clearances according to usual commercial practice, the 
leakage through the rings would be considerably greater in the 
495-ft-head pump and, therefore, also the percentage leakage 
would be greater, the capacity of the two pumps being the same. 
This would also mean that the gross efficiency would be reduced. 
It could be stated that in the case of a constant-capacity pump, 
at constant specific speed, the gross efficiency is a function of 
total head. This statement is true not only because of change in 
leakage rate, but also because of the fact that increased head 
results in higher velocity of the liquid leaving the impeller. In 
commercial pumps, the efficiency conversion of the velocity 
energy into pressure is reduced with increased head. 

While it is true and well known that the optimum gross ef- 
ficiency of centrifugal pumps varies with the specific speed, it is 
equally true that, at definite specific speeds, the gross efficiency 
varies with the total head, a fact which is not clearly brought out 
in the paper. In other words, leakage and hydraulic losses are 
not necessarily a function of specific speed. 


17 Chief Engineer, Centrifugal Pump and Compressor Department, 
De Laval Steam Turbine Company, Trenton, N. J. Mem. A.S.M.E. 

18 “‘Hydraulics,’”’ by R. L. Daugherty, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y., fourth edition, 1937. 

“Some Performance Characteristics of Deep-Well Turbine 
Pumps,”’ by R. G. Folsom, Trans. A.S.M.E., vol. 63, 1941, pp. 245- 
250. 
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In view of the fact that impeller diameters usually, and as is 
also the case in this paper, are given in inches, it should be 
stated that in Equation [28], for disk friction, the impeller di- 
ameter must be taken in feet, or still better, the constants in the 
formula should be changed to correspond to impeller diameter in 
inches. 


A. F. Suerzer.”° Fig. 1 of the paper would be much more use- 
ful were it based on pumps of smaller than 5000 gpm capacity. 
Probably less than 1 per cent of all centrifugal pumps sold are in 
that range, that is, above 5000 gpm. 

Expressing the efficiency of centrifugal pumps as a function of 
specific speed is not entirely logical and leads to some misunder- 
standing. Pumps can have the same specific speed and differ 
widely in efficiency. For example, a well-known pump builder 
lists a pump for 1300 gpm at a head of 100 ft and 1750 rpm with 
an efficiency of 76 per cent. He also lists a pump for 3700 gpm at 
a head of 200 ft and 1750 rpm with an efficiency of 84 per cent. 
Both pumps have a specific speed of 2000. 

The author’s curve, Fig. 1, shows a gross efficiency of 90 per 
cent, which is surely a maximum value and rather contradicts the 
last sentence on the first page of the paper. 

In Fig. 1, the gross efficiencies are exceptionally high, but are 
no doubt a matter of record. Even so, they would be misleading 
to anyone not experienced in pump design unless some explana- 
tion were made. Specific speeds as high as 6000, even with 
double-suction pumps, are not entirely centrifugal pumps to the 
same extent that pumps of specific speed 2500 would be. This 
might cause some misunderstanding as the laws of action are not 
entirely common to the two. The manometric efficiencies shown 
might as well have been drawn in free-hand, since they are after 
all a matter of opinion and depend upon a number of assumptions 
which are not susceptible of proof and, worse yet, not equally 
agreeable to all experts. It would be interesting to see how the 
author would calculate the manometric efficiency for a pump of 
specific speed equal to 6000. Giving calculations in detail would 
bring out the rather uncertain nature of this estimation. 

The hydraulic efficiency given is also somewhat open to ques- 
tion. To be exact, for a specific speed equal to 6000 in Fig. 1, 
there appears to be about 2.5 per cent difference between the 
gross and hydraulic efficiencies. That would require volumetric 
and mechanical efficiencies of about 99 per cent each, which surely 
are not to be expected in average practice. 

With reference to Equation [1], it is no doubt possible to ex- 
press any efficiency as a product of three other efficiencies, or any 
number in fact, if they are carefully assumed to agree with the 
facts. The writer feels that the author has made too hard work of 
the matter of pump efficiency. The efficiency of a pump is the 
output divided by the input, which is equal to the output divided 
by the output plus losses. These values are usually expressed in 
terms of horsepower. Now, in Equation [1], the author states 
that efficiency = e,, X e, X e,. The true efficiency is a matter of 
record, and any values of e,, X e, X e, whose product gives the 
true efficiency could be used. That would not necessarily prove 
their correctness. The two items e,, and e, appear to be expressed 
in terms of loss of power, while e, is clearly a loss of capacity. It 
might by coincidence be true in some cases that the loss of capac- 
ity in per cent was the same as the loss of power due to leakage 
also in per cent. Still there is no logical relation between them. 
Due to the fact that they are both small, not much harm is done 
any way you look at it, but it would seem better if e, were ex- 
pressed in the same units as e,, and eé,. 

The author states: “Since the theoretical head-capacity curve 
is a straight line, irrespective of the specific speed, the variation 


2% Professor of Mechanical Engineering, University of Michigan 
Ann Arbor, Mich. 


STEPANOFF—CENTRIFUGAL-PUMP PERFORMANCE AS A FUNCTION OF SPECIFIC SPEED 


in the form of the head-capacity, efficiency, and brake-horse- 
power curves with specific speed is caused by the losses.”” The 
writer does not agree at all with either statement, and the author 
seems to have some doubts himself in view of his later comments. 
The shapes of the various curves mentioned are due to features of 
design, such as angles, areas, velocities, etc. and are not neces- 
sarily due to faulty design or losses of power. A steep character- 
istic is not due to losses of energy. If it were, there would be a 
wider difference in efficiency between flat and steep characteris- 
tics. As a matter of fact, we can design satisfactory pumps with 
either flat or steep characteristics. There may be indirectly a 
small advantage in favor of the flat characteristic, as is well 
known. 

The author also attempts to prove that the power loss due to 
leakage is constant for pumps of equal specific speed, irrespective 
of pump size and speed. This is of course ridiculous and en- 
tirely contrary to fact. He probably means that the power loss 
is to be expressed as a percentage of total power or something 
like that. Even then, the statement is open to question in view 
of the assumptions he has made; in particular, the statement 
between Equations [10] and [11]: ‘‘If similarity of the two pumps 
is extended to the wearing-ring diameters and clearances, then 
sepiacaaeers ” Of course the similarity does not extend to the wear- 
ing-ring diameters and clearances in pumps found in practice, 
and variation can be large. A 6-in. pump would not ordinarily 
have twice the clearance of the 3-in. pump, ete. 

In Fig. 9, it is shown that, at a specific speed of 2000, the maxi- 
mum efficiency of a single-suction pump is 80 per cent, while the 
efficiency of a double-suction pump is 90 per cent; the latter also 
being single stage. This surely does not represent general pump 
practice. Also single-suction single-stage pumps of, say, specific 
speeds of 10,000 and above are really not centrifugal pumps at 
all. Hence it is misleading to compare them. Their basic laws 
of operation are different. In pumps with a specific speed of 2000, 
centrifugal force explains to a great extent the head developed, 
while in pumps with a specific speed of 18,000, centrifugal force 
has almost nothing to do with it. 

The author very properly calls attention to the absurd value 
of the so-called manometric efficiency, or theoretical hydraulic 
efficiency, when computed from Equation [30]. From there on 
to the end of the paper, it seems clear that the attempts made to 
bring theory and practice into agreement are only guesses and 
not very shrewd ones at that. For example, might there not be 
something wrong with a theory which calls for a head of approxi- 
mately U;*/g at small rates of flow, where actually only about 
U,*/2g is realized? The writer tried to explain this in some detail 
in a paper?! some years ago. 

The paper is weakened by the statement just before the con- 
clusion: ‘From the foregoing outline, it is seen that a study of 
losses for the entire head-capacity range of pumps of different 
specific speeds is really a difficult task, considering variation of 
head, capacity, efficiency, and brake-horsepower curve form with 
specific speed, illustrated in Figs. 2,3,and4.”’ This statement is 
absolutely correct, and if put at the beginning might have 
changed the whole tone of the paper. The facts are simple, 
easily understood, and are about as follows: The difference be- 
tween the water horsepower and the brake horsepower in a cen- 
trifugal pump constitutes the losses. In a single pump at con- 
stant revolution the curves are about as shown in Fig. 18 of 
this discussion. | We now have all the losses in one curve but 
by careful work in the laboratory they can in part be separated 
and evaluated. When this has been carefully done the existence 
of another loss is revealed. 


New Theory for the Centrifugal Pump,’”’ by A. F. Sherzer, 
Trans. A.S.C.E., vol. 93, 1929, pp. 1-29. 
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Fic. 18 Typtca, Curves SHow1ne Losses 1n CENTRIFUGAL Pump 
The power required to drive a pump at shutoff is composed of 
the following items: 


Bearing friction 

Stuffing-box friction 

Disk friction 

Pumping internal leakage 

A loss which for want of a better name, the writer calls a 
“rotation loss.” 


ou 


The first four losses do not vary greatly with the output of a given 
pump; item 5 does. This explains the decrease in the total 
losses as the capacity is increased. 

Assume a pump rated at 1300 gpm, 100 ft head, at 1750 rpm. 
The curves for such a pump built by a well-known manufacturer 
show a gross efficiency of 77 per cent. The specific speed of such 
a pump is 2000. According to data presented in this paper, the 
losses would be about as follows: 


Bearing and stuffing-box friction, about 2 per cent 
Power loss to pump leakage, about 1.5 per cent 
Disk friction, about 2.5 per cent 

Hydraulic losses, about 4 per cent. 


This makes the total losses about 10 per cent. From the au- 
thor’s curves, the expected pump efficiency would be about 90 per 
cent. The actual efficiency by test was 77 per cent. This leaves 
a difference of unexplained losses of 13 per cent. The unexplained 
losses are greater than the sum of all the other losses put together. 
This should show the danger of any sweeping assumptions that 
operating performance of centrifugal pumps may be expressed as 
a function of specific speed alone. The effect of capacity as well 
should be considered at the same time as specific speed. Ef- 
ficiency expressed as a function of either, exclusively, can be mis- 
leading. 


AvuTHOR’s CLOSURE 


It is only natural that a divergence of views should exist on a 
broad subject dealing only with trends in the evaluation of losses 
in centrifugal pumps. To detect these trends, several simplifying 
assumptions and generalizations had to be made, and the discus- 
sion has to be confined to one definite class of pumps in sizes 
giving consistent performance irrespective of make of pumps. 
Deviations from the general trends were expected. Several dis- 
cussions overlooked this fact. 

The limited space does not permit individual reply to all dis- 
cussions, therefore the author will comment only upon a few 
points brought up in the discussion which either were barely 
touched upon in the paper or entirely omitted. 

The author gratefully acknowledges corrections to. several er- 
rors in the paper brought to his attention by discussers. 

In Fig. 6(a) and (b) of the paper, the clearance a was shown 
erroneously as a radial clearance; while it should have been a 
diametrical clearance, as given in the definitions, and used in 
Equations [3] and [4] andin Fig. 5. This error resulted in some 
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confusion, as evidenced in Col. Karl Eklund’s and Professor 
Folsom’s discussions. 

No attempts were made by the author to correlate the values 
of the friction coefficient f and Reynolds number as defined in 
the paper with those used for pipe flow because of a great differ- 
ence in the physical aspects of the flow in two cases: 


1 There is no geometrical similarity between a round circular 
pipe section and a small annular clearance. 

2 In all cases, except those of Schnekenberg and Becker, one 
circular wall forming the annular clearance was revolving. 

3 There are numerous factors mentioned in the paper affecting 
the flow which do not exist in the case of pipe flow. Any gen- 
eralization of the flow conditions under such circumstances 
would be more misleading then instructive. 


Fig. 5 of the paper is primarily intended as an aid in the calcu- 
lation of leakage for centrifugal pumps, and the units adopted 
were those used in commercial design work. Further refine- 
ments in presentation of the test results may be justified when 
more and better data are available. Use of a geometrical sum 
of the axial and peripheral velocities for calculation of the Rey- 
nolds number, as suggested by Professor Folsom, may bring 
more harmony in plotting the coefficient of friction f. 

Replacing the speed factor ¢ in the author’s Equation [26], as 
suggested by Mr. Karassik in his Equation [48], is a definite im- 
provement, for the relationship between the factor ¢ and spe- 
cific speed is a definite one. 

Discussing the possible advantages of 1800-rpm pumps, as 
compared with 3600-rpm pumps for boiler-feed service, both Mr. 
Peterson and Mr. Karassik had tacitly assumed that 1800-rpm 
pumps are of lower specific speed than 3600-rpm pumps which is 
not necessarily true. 

The author disagrees with Professor Knapp in that any of the 
power lost in disk friction in a centrifugal pump can be recovered, 
or that the latter may be responsible for an improved pump 
efficiency of pumps having liberal spacing between the casing 
walls and the impeller. Professor Knapp’s reasoning disregards 
the following facts: 

Each particle of water within the impeller carries more energy 
than that possessed by any particle at or near the shroud outside 
the impeller. All water particles in the space between the im- 
peller and casing came from a zone of higher kinetic and pressure 
energy, this space being r>filled by water from the volute many 
times a minute (10 to 30 times with a normal amount of leak- 
age). Any particle outside the impeller which is able to augment 
its kinetic energy through direct contact with the shroud has to 
leave the shroud to effect any exchange in momentum. In this 
process it is immediately absorbed by water with a very low kin- 
etic and pressure energy. Wide space between the impeller and 
the casing was never sought in modern designs but resulted from 
the use of more curved impeller profiles and mixed-flow vanes, 
A liberal clearance between the volute walls proper and the im- 
peller periphery was introduced for mechanical (multistage 
pump impeller spacing) and hydraulic reasons, 

Hydraulically, it has been found that the combined losses in 
the volute due to skin friction and diffusion are at a minimum if 
the average volute velocity is kept about one half that of the true 
absolute velocity leaving the impeller. Evidently, there is a ve- 
locity gradient established in the volute with a maximum at the 
impeller periphery and a minimum at the volute walls. The 
combined loss is a minimum when the impeller discharges into a 
body of revolving liquid rather than against the stationary cas- 
ing wall. 

It is an established fact accepted by the entire industry, here 
and abroad, that with pumps of medium and high specific speed 
in design where a close running clearance can be maintained 
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(vertical mixed flow and propeller pumps), removal of the outer 
shroud improves pump efficiency. These latter facts are ques- 
tioned by Professor Knapp. The author is unable to follow his 
reasoning to justify his claim. Without going into the details of 
the mechanism of the skin-friction loss, it is evident that with a 
shrouded impeller there is a hydraulic-friction loss inside the im- 
peller, due to a relative velocity through the impeller with re- 
spect to the outer shroud, and a disk-friction loss outside the 
shroud. With the open impeller, the friction against the station- 
ary wall due to the absolute velocity in the impeller channel is 
substituted instead of the friction, due to a relative velocity (rela- 
tive and absolute velocities are approximately equal in high- 
specific-speed pumps), and the disk-friction loss is absent en- 
tirely. These facts became well established years ago and have 
found their way into a number of textbooks written within the 
last 12 years.?* 

Kaplan gives a gain in efficiency for straight propeller pumps 
with shrouds removed of 5 to 10 points. With mixed-flow im- 
pellers, this gain is less. For mechanical reasons, shrouded im- 
pellers are occasionally used on propeller pumps but always at 
the expense of efficiency. 

Mr. Mockridge’s discussion added some valuable information 
on the stuffing-box-friction loss. The method of testing and 
presentation of results are very interesting and instructive. A 
study of the variation of the brake horsepower at shutoff, such 
as described by Mr. Mockridge, indicates that the term “circula- 
tion loss,’’ used in this paper, is most descriptive of the nature of 
the loss observed at partial capacities of centrifugal pumps. 
Anything which reduces chances for circulation within or beyond 
the impeller reduces the shutoff brake horsepower. As a result, 
propeller pumps had been designed with a flat brake horsepower 
curve with remarkably little sacrifice in efficiency. The ratio of 
b/D, used by Mockridge, is only one of the variables affecting the 
shutoff brake horsepower. It is no exaggeration to state that 
every element of the impeller design affects to a different degree 
the shutoff brake horsepower. 

The fact that the shutoff brake horsepower is sometimes twice 
the normal brake horsepower indicates the magnitude of the 
“circulation” loss, Up to the present time, no way has been 
invented to express this loss in terms of known design elements. 
This is only one of the obstacles in the way of separating the 
hydraulic losses in centrifugal pumps. The author does not be- 
lieve that such a state of affairs had ever retarded the progress 
in the development of centrifugal pumps or ever will. The re- 
markable degree of perfection of centrifugal pumps attained dur- 
ing the last 10 years serves as a proof of designers’ knowledge of 
the nature and laws governing various losses without knowing 
their individual values. 

The example, quoted by Professor Scherzer, i.e., a pump of 76 
per cent 1300 gpm at 100 ft head‘and 1750 rpm, shows that this 
pump is of obsolete design as such pumps are rated at least 84 per 
cent by several pump manufacturers. 

Professor Scherzer’s statement that 90 per cent pump efficiency 
is “surely a maximum”’ shows that his information on the subject 
is not up to date. Accounts have been published showing pump 
efficiencies up to 92 per cent in sizes 8 in. and over.** 


22 (a) ‘‘Theorie und Bau von Turbinen-schnellaufern,” by Victor 
Kaplan and Alfred Lechner, S. 142, R. Oldenbourg, Berlin,1931. 
(b) ‘Centrifugal Pumps, Turbines, and Propellers,” by Wil- 
helm Spannhake, Massachusetts Institute of Technology, Cambridge, 
Mass., 1934, p. 205. 
(c) ‘‘Die Kreisel-Pumpen,”’ by C. Pfleiderer, Julius Springer, 
Berlin, 1932, p. 298. 
(d) “'Turbinen und Pumpen,” by F. Lawaczek, Julius Springer, 
Berlin, 1932, p. 179. 
23 ‘Centrifugal Pumps for the Colorado River Aqueduct,” by 
R. L. Daugherty, Mechanical Engineering, vol. 60, 1938, pp. 295-299. 
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Professor Scherzer will find in the author’s previously pub- 
lished paper (2) a proof that Equation [1] of this paper is correct 
and expresses the relationship between the input, output, and 
losses as defined by him. Professor Scherzer also raised an ob- 
jection to including propeller and extreme mixed-flow pumps into 
this study of centrifugal pumps; as according to him different 
laws govern operation of these three types of pumps. The author 
wishes to point out that the term ‘centrifugal’? pumps adopted 
in English is a rather unfortunate one. Germans abandoned this 
term, used in early literature (Newmann), in favor of ‘‘Kreisel- 
pumpen” which suggests that the pumping is produced by the 
impeller rotation without any reference to centrifugal or pro- 
peller action. To divide all pumps into several groups like cen- 
trifugal, mixed flow, and propeller, besides being arbitrary, would 
not serve any purpose; as hydraulically all pumps form one per- 
fectly continuous row, with laws governing their operation just 
as continuous as the design elements themselves. Difference in 
the theoretical treatment of centrifugal and propeller pumps only 
shows limitations of the theory rather than the difference in 
laws of nature governing two extreme representative groups of one 
type of machine. 

The author had intentionally avoided discussion of the equa- 
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tion for the theoretical head developed bya centrifugal pump, 
as this has been done repeatedly and exhaustively in the past, 
and further arguments would be fruitless. 

In connection with the article by Professor Scherzer, referred to 
in his discussion, the author can state that he is in complete 
agreement with Professor Scherzer’s opponents. To defy Eu- 
ler’s equation is to question the validity of the laws of conserva- 
tion of energy, matter, etc. The discrepancy between the ac- 
tual pump performance and the Euler’s theory has been well 
understood. Mr. Daily’s discussion of this paper deals with one 
phase of this subject. On the other hand to accept a formula 
U?/2g for the theoretical head, as suggested by Professor Scher- 
zer, leads to hydraulic efficiencies of over 120 per cent, for with 
medium- and low-specific-speed pumps the actual available 
heads at partial capacities are equal to or in excess of U?/2g. 
One hardly can build up a “theory” around such a formula. 
It may qualify for a ‘“‘rule of thumb,” and even as such it is not 
very accurate. 

The author wishes to thank all the discussers for their contribu- 
tions, all of which marks another step toward a better under- 
standing of the nature and trends of various losses in centrifugal 
pumps. This will lead to a further advancement of the art. 
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New Five-Bar and Six-Bar Linkages 
in Three Dimensions 


By MICHAEL GOLDBERG,! WASHINGTON, D. C. 


The author outlines the historical background for the 
study of linkages, both in a plane and of the three-dimen- 
sional type. The latter have not received very much at- 
tention, although some investigations of special types of 
space linkages have been reported. The present paper is 
confined to a discussion of two types of five-bar linkages 
and four types of six-bar linkages. While it is little known 
by the engineering field, the Bennett linkage is a useful and 
economic mechanism. An explanation of this linkage, its 
mathematical derivation, and combinations of its ele- 
ments are discussed at some length. Among the possible 
applications of space linkages, the most obvious is the con- 
version of oscillating or rotational motion in one plane to 
motion in another plane. The Bennett linkage is the 
simplest for this purpose. Other uses of various types of 
linkages are mentioned. 


INTRODUCTION 


INKAGES in the plane have been extensively investigated 
, by engineers and mathematicians. An excellent bibli- 
ography of papers and books containing the principal 
original contributions has been compiled by R. Kanayama (1).? 
One of the most celebrated plane linkages is the linkage that can 
draw an exact straight line, disclosed by Peaucellier (2) in 1873, 
and for which he was awarded the ‘Prix Montyou,” the great 
mechanical prize of the Institute of France. This linkage is 
described in many modern textbooks on kinematics (3). An 
independent straight-line mechanism had already been published 
in 1871, by Lipkin (4), a student of the great Russian mathema- 
tician Tchebycheff. But both of these were preceded by Sarrus 
(5), who exhibited, before the Paris Academy of Sciences, a link- 
age which was described in the transactions of that society in 
1853. This linkage consists of an accordionlike arrangement of 
hinged plates joining two other plates. If one of the latter plates 
is held fixed, the other plate is constrained to move parallel to it. 
Not merely does a single point describe a straight line, but each 
point in the moving plate describes a straight line. From an engi- 
neering standpoint the Sarrus mechanism is much preferable 
since it is three-dimensional. The plane linkages, in practical 
applications, require additional constraints to confine them to 
their planes. 

Three-dimensional linkages have not received much attention, 
except for those that are merely combinations of plane linkages. 
Studies of special types of space linkages (a shorter term for three- 
dimensional linkages) have been made; significant results have 
been few (6). This paper also is confined to a special type of 
space linkage. The new results consist of two types of five-bar 
linkages and four types of six-bar linkages. 


‘Ordnance Engineer, Bureau of Ordnance, Navy Department, 
Washington, D. C. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Production Engineering Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 30—Dec. 4, 
1942, of Tae American oF MECHANICAL ENGINEERS. 

Note: Statements and opinions expressed in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


DEFINITIONS 


A “kinematic link” is a rigid body which can be connected to 
two or more other rigid bodies by means of kinematic pairs. A 
“ball-and-socket joint” is a “spherical pair.” A “hinged joint” 
is a “turning pair.” 

The mathematical equivalent of a spherical pair is the restric- 
tion that a point which is fixed with respect to one body coincides 
with a point which is fixed with respect to the paired body. 

The mathematical equivalent of a “hinge” is the réstriction 
that a point and a line through that point, that are fixed with 
respect to one body of the hinged pair, coincide, respectively, 
with a point and a line through that point, that are fixed with 
respect to the other body of the hinged pair. 

A “simple kinematic chain” is a set of rigid bodies or links 
which are joined in series, any two consecutive links being either 
spherically paired or hinged. (Sliding joints and screw pairs are 
omitted from this discussion.) In a “simple closed kinematic 
chain,” the first link and the last link of a kinematic chain are 
joined. 

More complicated linkage mechanisms may be considered as 
combinations of simple chain mechanisms. For that reason the 
study of the simple chains is of fundamental importance. 

In plane hinged linkages, the hinge axes may be conceived as 
lines perpendicular to the plane of the linkage. Therefore, they 
are parallel and they remain parallel during the motion of the 
linkage. In space hinged linkages, however, the hinges in a link 
need not be parallel. The angle between the hinge axes in a link 
is called the “twist” of the link. In the linkage shown in Fig. 1 
(K) the twist of each link is 90 deg. In Fig. 1(A), the twists are 
alternately 90 deg and 30 deg. Even though twists may be right 
hand or left hand, it is convenient to measure all twists in the 
same hand. For example, a left-hand twist of 60 deg is equiva- 
lent to a right-hand twist of 120 deg. Since a twist of 180 deg is 
equivalent to parallelism, the twist angles need not exceed 180 
deg. In this paper, the symbols used for angles of twist will al- 
ways be Greek letters. 

The length of a link is the shortest distance between the centers 
of the kinematic pairs joining it to its neighbors. If one end is 
spherically paired and the other hinged, the length of the link is 
the perpendicular distance from the center of the spherical pair 
to the axis of the hinge at the otherend. If both ends are hinged, 
the length of the link is the length of the common perpendicular 
between the hinge axes. In each case, this shortest line will be 
called the length line. In this paper, Roman letters will be used 
to indicate the lengths of the links. 


NuMBER OF DEGREES OF FREEDOM 


A body in space may be located and oriented with respect to a 
co-ordinate reference frame by six parameters. Three parame- 
ters may be the co-ordinates of a point in the body; two more 
co-ordinates may be the direction cosines of a line through that 
point, and the sixth co-ordinate may be the orientation of the 
body about that line. A random assembly of n bodies then re- 
quires 6n parameters to locate the bodies with respect to the 
reference frame. But since one of the bodies may itself be the 
reference frame, it requires only 6(n — 1) parameters to describe 
the configuration. 
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Fig. 1 Paper Mope.s or BENNETT AND OTHER TyPICcAL LINKAGES 
(The explanation of linkages A to K is given in Table 1.) 


TABLE 1 DESCRIPTION OF LINKAGES SHOWN IN FIG. 1 


Type of linkage r Twist and length of links _ _— 
A Bennett four-bar 90° 30° 90° 30° 
2a a 2a a 
B_ Bennett four-bar 90° 45° 90° 45° 
2a V 2a 2a V 2a 
C Bennett four-bar 60° 120° 60° 120° 
a a a a 
Goldberg five-bar 90° 60° 90° 30° 30° 
2a 2a 2a a a 
E Goldberg five-bar 75° 90° 45° 30° 90° 
(1 + V2)a 2a V 2a a 2a 
F Goldberg six-bar 125° 90° 50° 30° 45° 90° 
(1+ V2+28in50°)a 2a 2asin50° a V2a 2a 
G_ Rigid five-bar 90° 90° 90° 90° 90° 
4a 4a 4a 4a V 97a 
H Symmetric six-bar 90° 90° 90° 90° 90° 90° 
a a a a a a 
1 Bricard rectangular six-bar 90° 90° 90° 90° 90° 90° 
A? + B2+ C2 = a? + b2 + A a B b 


Bricard octahedra! six-bar 
K_ Seven-bar 


The constraint of a spherical pair imposes three conditions, 
namely, the equating of the three co-ordinates of a point in one 
link with the three co-ordinates of a point in the paired link. 
The constraint of a hinged joint imposes two more conditions, 
namely, the equating of two-direction cosines of the hinge axis in 
one link with the two-direction cosines of the hinge axis in the 
paired body. 

Let \ be the number of free or undetermined parameters in a 
closed hinged kinematic chain linkage of n links. Since 6(n — 1) 
parameters would describe the random configuration, and each of 
the n hinges fixes 5 conditions, the number of free parameters 
would seem to be given by the equality part of 


— 1) — Ga... {1] 
or 
A 2n—6 


However, the number of free parameters is not always exactly 
(n — 6). This is obviously a minimum, but there may be more 
free parameters because of some special conditions. One such 
special condition would be parallelism of the hinges which reduces 
a linkage to a plane linkage. For plane hinged linkages \ = 
n— 3. 

The number of free parameters is sometimes called the number 
of degrees of freedom. When a linkage possesses only one degree 
of freedom, each point of the moving links will, in general, de- 
scribe a curve if the linkage is moved while one of the links is 
fixed. If the linkage has two degrees of freedom, the moving 
points may, in general, describe surfaces. Of particular interest 
are those mechanisms which possess only one degree of freedom. 


From movable octahedron* 
90° twists, equal length links ra 


Such linkages are useful because they can perform definite cyclic 
motions. Bricard (7) calls them “desmodromic” linkages from 
the Greek for “ribbon-pathed.’’ American textbooks call them 
“constrained movable” or simply “kinematic” linkages but these 
terms are not sufficiently descriptive since they do not emphasize 
the single parameter. 


PARADOXICAL LINKAGES 


From the equality part of Equation [1], it is seen that a random 
closed hinged chain of six or fewer links in space would, in general, 
be a rigid structure or a locked linkage since \ would, in general, 
be zero or negative. Bricard undertook the study of those 
special cases in which the inequality of Equation [1] applied. 
Because of this special property, he called them “paradoxical” 
linkages. The following sections are devoted to a description and 
discussion of the known “paradoxical” hinged linkages of fewer 
than seven links. 

The Bennett Linkage. Consider a four-bar linkage ABCD, 
shown in Fig. 2, in which the opposite links are equal in length and 
all the joints are ball-and-socket joints. This linkage can be 
made to assume the form of a skew quadrilateral in space. Let 
the length of one pair of opposite links be a, and the length of the 
other pair of opposite links be b. If the diagonal distance AC is 
held fixed, it is still possible to vary the other diagonal distance 
BD. Let the linkage ABCD be so operated that the variable 
diagonal distances AC and BD are each maintained equal to 4 
variable distance designated by z. Then, in the tetrahedron 
ABCD, the opposite edges are equal, the lengths being a, b, and z. 
The faces of the tetrahedron are congruent, each being a triangle 


= 
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with sides a, b, and z. 
by k. 

Drop the perpendicular from B upon the edge A D, whose length 
is a. Then the length d of this perpendicular is given by d = 
2k/a. Designate by a the angle that this altitude line d makes 
with the plane ACD. The height // of the point B above the 
plane ACD is given by 


Let the area of this triangle be designated 


2k si 
a 


In a similar manner, let e be the length of the perpendicular from 
the point B to the line DC whose length is b. Then e = 2k/b. 
Designate by 8 the angle that this altitude line e makes with the 


plane ACD. Again, the height / of the point B above the plane 
ACD is given by 


2k si 
H =esing = — = 
b 
Equating [3] and [2] gives 
sin sin 8 
[4] 
a b 


Let us now replace the ball-and-socket joint at each vertex by 
a hinged joint connecting the two links. Let the hinge axis be 
perpendicular to the plane of the two links. The hinge axis at A 
is perpendicular to the plane DAB, and the hinge axis at D is 
perpendicular to the plane ADC. The angle between the planes 
DAB and ADC is equal to a. Therefore, in the link AD, the 
angle between the hinge axis at A and the hinge axis at D is equal 
toa. Similarly, in the link BC, the angle between the hinge axes 
is also a. 

In a similar manner, the angle between the hinge axes in the 
link DC is shown to be equal to 8. The angle between the hinge 
axes in link AB is also 8. 

Suppose, now, that the angle a is held constant. Then from 
Equation [4], the angle 8 will also be constant. This shows that 
it is possible to construct a movable hinged four-bar linkage in 
which the hinge axes are neither parallel nor concurrent. This 
linkage was described in 1903 by G. T. Bennett (8), a British 
mathematician. 

In the Bennett linkage, note that the length of a link is the 
shortest distance between the hinge axes in that link, since it is 
their common perpendicular. The angles a and @ are the twists 
of the links. The Bennett linkage may then be described as a 
space four-bar hinged linkage in which the opposite links have 
equal lengths and equal twists. 

Figs. 1(A), (B), and (C) show easily constructed paper models 
of Bennett linkages. The links are tetrahedra which are hinged 
at opposite edges to the adjacent tetrahedra. The spatial charac- 
ter of the links and their twists is emphasized by the use of 
tetrahedra for the links. 

Fig. 3 shows how a Bennett linkage may be used to convert 
rotation of a shaft S into rotation of a shaft 7’, when the shafts S 
and T are not parallel and not even in the same plane. 

As a mechanism, the Bennett linkage has a fault in common 
with the plane four-bar linkage, namely, it has a dead center in 
which the connecting rod exerts no turning moment. For that 
reason it is not always desirable to use it for driving in continuous 
rotation. However, this difficulty does not arise when the Ben- 
nett linkage is used to transmit oscillating motion of a crank in 
one plane into oscillating motion of a crank in another plane. 
Note that only a connecting rod is used; no gears or universal 
joints are needed. 

In spite of the simplicity of the Bennett mechanism, and its 
obvious utility and economy, it is rarely used. The explanation 
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for this failure seems to be merely that engineers are not aware of 
its existence. Except for Bricard’s book, it does not seem to have 
been included in any textbooks or other published collections of 
useful mechanisms. 

Motions of the Bennett Linkage. Form the spherical indicatrix 
of the Bennett linkage by constructing, in an arbitrary sphere, 
lines from the center of the sphere parallel to the hinge axes of the 
linkage. The lengths of the ares of the great circles joining the 
ends of these radial lines are equal to the twists of the links as 
shown in Fig. 4. The angle between adjacent links is taken as 
the angle between the length lines. In Fig. 2, the angle between 
the links at A is angle DAB. Therefore, in Fig. 4, the corre- 
sponding angle is DAB. Call this angle 6. The opposite angle 
will also be @. Call the other two included angles ¢. Then, 
from the familiar Napier analogy for the spherical triangle ABC, 
we have the formula 


sin '/,(a@ — 8) 
sin '/.(a@ + 8) 
But A —C = @and B = ¢. Therefore 


tan '/,(A —C) = cot '/,B 


sin '/2(a— 8) 


|| 
B 
b a 
Fie. 2 
T 
Fie. 3 
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Fia. 4 
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For given values of the twists a and 8, the right side of Equation 
[5] isaconstant. Thus, if in a Bennett linkage, a link of length b 
is considered fixed, an adjacent link of length a is considered as 
the driving link, the other adjacent link is considered as the 
driven link, and the fourth link as the connecting link (or con- 
necting rod), then the relation between the rotation @ of the 
driving link and the rotation ¢ of the driven link is given by 
Equation [5], where 6 is the angle the driver makes with the fixed 
link, and ¢ is the angle between the fixed link and the driven link. 

Five-Bar Linkages. Bricard does not list a movable five-bar 
linkage. However, a legitimate five-bar linkage can be made by 
the combination of two Bennett linkages (9), which have a link in 
common as shown schematically in Fig. 5. One Bennett linkage 
has a pair of links of length a and twist a, and another pair of 


b,? 
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links of length b and twist 8, subject to the condition of Equation 
[4]. 

The other Bennett linkage has a pair of links of length a and 
twist a, and another pair of links of length c and twist y, subject 
to a similar condition. Combined with Equation [4], it gives 


sin @ sin B sin y 
a b c 


If the common link, Fig. 5, which is shown in dotted lines, is 
held fixed, the two Bennett linkages are separatery movable. 
Now, let us move the two Bennett linkages so that the length 


b, 6 C, x 

| | % 
| | | 

b+c, B+¥ 


Fic. 6 SyncopatTeD Five-Bar LinKaGe 


Fie. 5(a) Two Bennett Linxaces ABCD anp CDEF Wuicu Have 
THE LinK CD In CoMMON AND IN WuicH AD anv DE ArE ALIGNED 
(Compare with Fig. 5.) 


5(b) Five-Bar Linkage ABCFE; Linx CD Removep 
(Compare with Fig. 5.) 


Fig. 6(a) AB ExtTenpep To G, anp EF Extenpep To H; G Joinep 
to H to Propuce Bennetr LinkaGe AGHE 
(Compare with Fig. 6.) 


Fig. 6(b) Syncopatep Five-Bar Linxace BGHFC; Links AE 
AND CD REMOVED TO Form Fivg-Bar LINKAGE 
(Compare with Fig. 6.) 


| 
| | 
| 
2 
+c, B 
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lines of the two links at one end of the common link are main- 
tained along the same straight line. This is equivalent to locking 
these two links together so that it becomes a single link of length 
b + c, the algebraic sum of the two component lengths, and of 
twist 8 + y, the algebraic sum of the component twists. The 
dotted link may now be removed, leaving a movable five-bar 
linkage. 

From Equation [5], the following equations hold for the two 
Bennett linkages of which this five-bar linkage is composed 


sin '/2(8 — a) 
sin '/2(8 + a) 
sin — a) 


tan — tan = sin +a) = k, (a constant). . [8] 


tan 1/26 tan '/2¢) = = k, (a constant) ... [7] 


From Equations [7] and [8], we obtain 
sin '/.(8 + sin '/2(y + a) 
= kik, = ky (a constant)...... [9] 


tan '/,@ tan '/2¢2 = 


Equation [9] shows that the relation between the motions of the 
links adjacent to the b + clink is the same as in a simple Bennett 
linkage. Therefore, the two links of length a can be extended and 
joined by another hinged link of length b + ¢ and of twist 8 + y. 

Let the length of the link joining the two b + c links be d, and 
let its twist be 6; then 6 and d can be determined from Equations 
{10] and [11] 


sin '/(8 + y— 8) _ sin '/2(8 — a) sin '/:(y — a) 


sin + y +4) sin '/.(8 + a) sin + @) 


sin (8 + 7) 


. [10] 


A second new five-bar linkage can be formed by the deletion of 
the first b + c link and part of the d links for the length a, as 
shown schematically in Fig. 6. This shall here be called the 
syncopated five-bar linkage because it was formed by a contrac- 
tion of the foregoing five-bar linkage. 

Siz-Bar Linkages. Bricard lists several movable six-bar 
hinged space linkages. They may be described by giving the 
lengths and corresponding twists of the links. They are as fol- 
lows: 


1 Six-bar, symmetric about plane 
(a, «) (b, 8) (c, (ce, (6, —8) (a, —a) 
2 Six-bar, symmetric about line 
(a, a) (b, 8) (c, (ec, (6, 8) (a, 
3 Six-bar, rectangular or trihedral type 
(A, 90°) (a, 90°) (B, 90°) (b, 90°) (C, 90°) (ce, 90°) 
where A? + B? + C? = a? + b? + c? 
4 Six-bar, from articulated or movable octahedron (10). 


However, Bricard does not list the following new six-bar link- 


b+c4+d, 


s be ad 
| 
| | | \ 
| | | 
bec+d, A+¥+8 b+c+d, B+8+8 
Fig. 7 Fia. 8 
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ages. The first new six-bar linkage is formed by arranging three 
Bennett linkages in series. The first two Bennett linkages have a 
link in common, and the opposite link of one of them is common 
with a link of a third Bennett linkage, as shown schematically in 
Fig. 7. The common links and the opposite links are each of 
length a and twist a, while the other links are pairs of length }, c, 
and d and twists 8, 7, and 4, respectively, subject to the conditions 


sin « sin B sin y sin 6 
a b c d 


Three links of length b, c, and d in series have been arranged so 
that their length lines lie along the same straight line. Then 
these three links have been replaced by a single link of length 
b + ¢+dand of twist 8 + y + 6. The common links, shown 
dotted, are removed to form a movable six-bar linkage. This 
shall here be called the six-bar linkage of the series type, since it 
was formed from a series array of three Bennett linkages. 

The relation between the motions of the opposite pairs of mova- 
ble links in the three component Bennett linkages are given by 
three equations similar to Equation [4] 


sin — a) 


tan '/.6 tan = [13] 

tan — tan = [14] 
tan '/2(4 — ¢2) tan '/2¢3 = ...{15] 


sin */(8 + 
If Equations [13], [14], and [15] are multiplied together we obtain 


_ sin '/2(8 — a) sin */2(-y — @) sin */2(5 — a) 


= k, (a constant)...... [16] 


As in the case of the five-bar linkage, described in the previous 
section, the relation between the motions of the links adjoining 
the b + c + d link is the same as in a simple Bennett linkage. 
Therefore, the two links of length a can be extended and joined 
by another hinged link of length b + c + dand of twist 8 + y + 4. 

Let the length of the link joining the b + ¢ + d links be e, and 
let its twist bee. Then «and e can be determined from Equations 
[17] and [18] as follows 


sin '/,(8 + y + 


(17] 
(b+ c+ d) sine 

sin (8 + 7 +8) 


A second new six-bar linkage can be formed by the deletion of 
the first b + c + d link and part of the e link for the length a, as 
shown schematically in Fig. 8. This shall here be called the 
syncopated six-bar linkage of the series type, since it was formed 
by a contraction of a series array of three Bennett linkages. 


b, 3 b,B 
w w we 
+ ~ A+¥ 
b+C, B+¥ b+c, A+B 
Fie. 9 Fie. 10 
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A third new six-bar linkage can be formed by an L-shaped ar- 
rangement of three Bennett linkages, shown schematically, Fig. 9. 

A fourth new six-bar linkage can be formed by replacing two of 
the Bennett linkages by the second five-bar linkage of Fig. 6, as 
shown schematically in Fig. 10. 4 

Variations of New Linkages. The foregoing linkages can be 
varied by subtractions of Bennett linkages instead of additions. 
They are described best by the schematic illustrations. Fig. 11 
shows the difference of two Bennetts. Fig. 12 is a Bennett sub- 
tracted from the sum of two Bennetts. Fig. 13 is two Bennetts 
subtracted from a Bennett. Figs. 14, 15, and 16 show variations 
formed by the syncopation of the linkages of Figs. 11, 12, and 13, 
in a manner similar to the formation of Fig. 6 from Fig. 5. 

The L-shaped arrangement of three Bennet’s can be varied also 
as shown in the illustrations. Fig. 17 shows a Bennett subtracted 
from the sum of two Bennetts. Fig. 18 and Fig. 19 are two 
different ways of syncopating Fig. 17. 

Generalization of Bennett Linkage and Derived Linkages. A 
seven-bar linkage, from which the Bennett linkage and the de- 
rived linkages are obtainable as special or degenerate cases, can be 


Fig. 21 


| 
| 
| 


Fig, 22 


constructed in the following manner: Choose arbitrary twists a, 
8, y, 6, and e. Compute the auxiliary angle p from a, 8, y, and 6 


by 
— 
p = 2tan7 tan '/,(8 + + 


k, given in Equation [16]. Choose an arbitrary length p and de- 
termine the lengths a, b, c, d, e, and r from 


a b c d 
sin @ sin B sin y sin 6 sin € 


4) sin p 
sin (8 + y + 4) 


Assemble the seven-bar linkage, shown in Fig. 20, with the follow- 

ing lengths, twists, and order of link 

(a + e + mr —2ma, a + + mp — 2ma)(b, 8) (e, €)(c, 5)(a + 
mr — 2ma, a + mp — 2ma)(b+e+d,8+ 7 + 4)..[2ll 


where the m’s must be all zero or all unity. 


| 
| 
7 


Then the special cases appear under the following conditions: 


be nas m = 1, syncopated six-bar linkage, L-shaped 
m = 1, syncopated six-bar linkage, series 

3 vy =e = 0..m = 1, syncopated five-bar linkage 

m = 0, six-bar linkage, L-shaped 

5 =0. ..m = 0, six-bar linkage, series 


.m = 0, five-bar linkage 
y =5=e€=0...m = 0, Bennett linkage 


y=e=0.. 


| 


” 


From the section ‘‘Number of Degrees of Freedom,”’ it is seen 
that any closed hinged chain of seven links has at least one degree 
of freedom, that is, it is movable unless the longest link is so long 
that the other links cannot be stretched out to join its ends. 
Since the twists a, 8, y, 5, and e are purely arbitrary, the seven-bar 
linkage of Equation [21] may be varied continuously by varying 
these twists. Special cases, in which some of these twists and the 
corresponding lengths become zero, are identical with the cases of 
six or fewer links already discussed. The syncopated cases listed 
as numbers 1, 2, and 3 arise when m equals unity. The primary 
cases, listed as numbers 4, 5, 6, and 7 arise when m is equal to 
zero. Therefore, the linkage of Equation [21] may be considered 
as a generalized or parent linkage from which the four-, five-, and 
six-bar linkages of cases 1 to 7 are derived. 

Linkages Possessing Two Degrees of Freedom. Each of the fore- 
going paradoxical linkages is desmodromic, that is, it possesses 
only one degree of freedom. However, paradoxical linkages 
possessing two degrees of freedom are easily formed by combina- 
tions of two or three Bennett linkages as illustrated in Figs. 21 
and 22. These cases are now obvious, but they are mentioned 
here only to complete the list of known paradoxical linkages. 

Linkages With Offset Links. The Bennett linkage was so con- 
structed that the length lines met the hinge axis in the same 
point. In the five-bar linkage described in the section, “Five 
Bar Linkages,” the length lines of two links were arranged 
along a single straight line. These links were then replaced by a 
link whose length line was the same straight line since this line is 
still the common perpendicular of the adjacent hinge axes. The 
same procedure was followed in the other five-bar and six-bar 
linkages described in the foregoing sections. 

However, it is possible to construct movable linkages in which 
the length lines do not meet. If, in the section, “Five Bar 
Linkages,” the two adjacent length lines are not arranged along 
the same straight line, but are locked together at some other 
position, as shown schematically in Fig. 21, the five-bar linkage so 
formed is still movable. If the common link of the two com- 
ponent Bennett linkages is held fixed, the two Bennett linkages 
can be moved while keeping the angle between the pair of adjacent 
links constant. The link which is equivalent to the pair of locked 
links has a new length line since the common perpendicular of its 
hinge axes has a new position and a new length. The ends of the 
new length line no longer meet the ends of the adjacent length 
lines. The ends of two length lines meet a hinge axis in two 
points which are separated by a distance which may be called an 
offset. The six-bar linkage, shown in Fig. 23, becomes an offset 
five-bar linkage if the links are clamped at the point A. 

The other five-bar and six-bar linkages, formed by combina- 
tions of Bennett linkages, may be varied in form by the use of 
offset links. 


APPLICATIONS 


Among the possible applications of space linkages, the most 
obvious one is the conversion of oscillating or rotational motion 
in one plane to motion in another plane as previously mentioned. 
The Bennett linkage is the simplest for this purpose. The five- 
bar and six-bar linkages may find application in clearing obstruc- 
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Fic. 23. Cuamprne or Two Links at A Converts Tuis S1x-Bar 
LINKAGE INTO AN OrrseT Five-Bar LINKAGE PossEssING ONE 
DEGREE OF FREEDOM 


tions where the Bennett linkage would not clear (11). However, 
a uniform motion of the driving link does not produce a uniform 
motion of the driven link. This variability may be objectionable 
in some applications. 

Another possible application is the use of the change in the 
rate of motion to produce a desired nonuniform motion. The 
special functional relationships that exist may sometimes take 
the place of cam-controlled motions. The linkages possessing 
two degrees of freedom may be used to give an output which is a 
function of two separate independent inputs. 

In the applications of the mathematical linkages to real mecha- 
nisms, it should be borne in mind that it is not necessary that the 
material links lie along the length lines, nor that they even 
approximate them. The spatial relation between two hinges 
may be maintained by any solid body which joins them even 
though every part of the material link is considerably displaced 
from the length line. By taking advantage of this liberty, it be- 
comes possible to construct linkages that permit continuous 
rotation of the driving link. Fig. 3 is an example of one such 
linkage which permits continuous rotation by permitting the 
links to pass one another in their motion. 

In the design of rigid space structures it is necessary to avoid 
combinations which may inadvertently act as movable linkages. 
There may be special or novel applications in which a nonmova- 
ble hinged linkage, for example, the rigid five-bar of Fig. 1(G), 
may be used as a truss. Therefore, some knowledge of movable 
space linkages may help the structural designer to avoid blunder- 
ing into the use of disastrous structures which may fail because 
they approximate movable linkages. 
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Discussion 


FREDERICK FRanz.* The author’s lucid explanation of the 
design of linkages will undoubtedly induce some designers to 
attempt employing some of the simpler forms when it is desired 
to transmit oscillating angular motion between two nonparallel 
and noncoplanar shafts. However, there are some valid reasons 
why even the four-bar Bennett linkages have not been, and proba- 
bly will not be, generally employed when such motion is de- 
sired. Probably the most categorical one is that they possess no 
commercial advantage over the commonly designed combinations 
of plane linkages, constructed with ball-and-socket joints. 

Other and more specific reasons are that their velocity-ratio 
computation is more involved; the graphical laying out on the 
drafting board of their space-time increments is more difficult; 
the machining of the pin holes at the ends of each member at 
the required angles is more difficult; it is impossible to design 
means of adjustment into the length of the link, as in plain link- 
ages, to provide for ordinary errors of manufacture or for wear; 
and finally, for the same torque transmission, and for the same 
load in the connecting link, these Bennett linkages employ 
longer levers than corresponding ball-joint plane linkages, which 
means greater moments of inertia and greater shaft stresses from 
greater combined bending-and-torsion effects at the lever hubs. 

When five-bar or six-bar Bennett linkages are proposed for the 
elements of a practical machine, these criticisms apply with even 
greater force. In addition, the removal of the redundant link 
or links (shown in dotted lines by the author) imposes a torsional 
load on the remaining links. Moreover, the excessive motion 
in space of the intermediate links, as related to the end motion 
actually obtained, interposes undesirable mass effects. These 
considerations greatly handicap such Bennett linkages in com- 
parison with combinations of plane linkages when any appre- 
ciable load is to be transmitted or when high speeds and accelera- 
tions are involved. 

These linkages seem to be more academic than practical, but it 
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will be interesting to see whether or not the author’s excellent 
paper on this subject will bring forth any number of practical 
and commercial applications. 


A. E. R. pe Jonee.‘ The author’s paper is very interesting. 
Originally, the author presented this to the Society in 1941, 
but unfortunately in a form which was unsuitable for publication. 
The writer, then a member of the now defunct Subcommittee on 
Machine Design, did not want the Society to be robbed of the 
rare opportunity of having presented to it a paper describing a 
distinct advance in the theory of mechanisms, which, he believes, 
is one of the first occasions, if not actually the first, that an original 
contribution to this theory has been made in this country. Con- 
sequently, he made certain corrections and suggested numerous 
changes to the author, and he is very glad to see that the 
author has not only adopted most of them but has gone even 
further in extending his explanations and in describing more care- 
fully the various steps in the derivation of the new mechanisms. 
The result has been the paper he has now presented. The writer 
is very happy to express to him his congratulations on this 
achievement. 

The author has more or less adhered to the terminology in- 
dicated to him by the writer. This is of great importance, be- 
cause the terminology used in kinematics and mechanisms in this 
country is very loose indeed, and any additional terms hap- 
hazardly chosen cannot but confuse the already confused situa- 
tion still further. Undoubtedly, it will have cost the author a 
great deal of self-denial, but the result achieved is unquestionably 
gratifying. 

However, there are still a few terms to which the author has 
adhered, which the writer considers out of place. The first is 
“twist” of a link. Twist is a concept strictly connected with 
a screw or with something that is ‘turned around and around.” 
Nothing of the kind exists in the case of the hinge axes of a link. 
They are just two skew lines, and “skew” would have been a far 
more appropriate term and is going to be used by the writer 
throughout this discussion. Itshould be pointed out, however, that 
the term “twist”? was not introduced by the author, but by 
Bennett, who used this term in his original description of his four- 
link skew mechanism. The writer agrees that it is difficult to tear 
oneself away from established precedent, but he feels that to use 
the more truly descriptive term ‘“‘skew” is better than to per- 
petuate a term which has been carelessly chosen in the first in- 
stance. 

There are other terms which the writer does not like, such as 
“space-hinged linkage” for “hinged space-linkage;’’ to measure 
all twists in the same “‘hand”’ for in the same ‘‘sense;’’ the shortest 
“line’’ for the shortest “distance; hinged kinematic “chain link- 
age” in which “chain” is superfluous; and others. However, the 
writer must reject emphatically the author’s use of the term 
“desmodromic”’ linkage. First of all, desmos means “bond, liga- 
ment, fastening, or fixing,” while dromos means “path,” thus 
“desmodromic linkage” means a linkage moving in fixed paths, 
and that is exactly what in modern kinematics is called “con- 
strained movable,” this term referring, as is shown in a paper by 
the writer,* to motions having a single parameter. To the author, 
this term, which he says is found in American textbooks, does not 
appear to be sufficiently descriptive. The writer does not know 
of any American textbook which deals with space mechanisms. 
In general, it is not advisable to adopt terms used by French 
mathematicians and kinematicians. The French delight in using 


high-sounding terms, while we are more modest and, generally, _ 


prefer the simplest and clearest terms. 


4 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
5A Brief Account of Modern Kinematics,” by A. E. R. de Jonge, 
published on pages 663-683 of this issue of the Transactions. 
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GOLDBERG—NEW FIVE-BAR AND SIX-BAR LINKAGES IN THREE DIMENSIONS 


In addition, the author uses another such term, which was pre- 
viously used by the French kinematician Raoul Bricard, when 
he talks of “paradoxical” linkages. There is absolutely nothing 
paradoxical about them except that kinematicians have tried 
hitherto to make them conform to certain formulas or criteria 
which are said to describe movability fully. While this is true 
for plane mechanisms, in which case these formulas completely 
describe the degree of movability or freedom, because the axes 
of the hinged joints are parallel, this does not hold at all for space 
mechanisms. Of course, it is very intriguing to try to set up 
formulas for their constrained movability, in which only the 
number of links and the number of hinges enter. In space, this 
is not sufficient, however, and when the directions of the axes 
are taken into consideration, it will be found that a criterion can 
be set up which will cover all space mechanisms, including those 
which were called “paradoxical” by Bricard. The writer wishes to 
point this out here for the first time, because so far nobody seems 
to have considered such a possibility. Generally speaking, a non- 
descriptive term such as paradoxical signifies that its implications 
have not been fully understood, or that something is wrong 
somewhere. 

The term “syncopated linkage” may be allowed to pass, al- 
though a more descriptive English term such as “contracted 
linkage” would be more appropriate. 

Next, a few words on the historic notes are in order. The 
author makes it appear as if Lipkin were the first to originate the 
well-known straight-line motion usually called Peaucellier cell. 
This is not correct, for Peaucellier mentioned it and indicated 
how it works in a letter written in 1864, to the editor of the 
Nouvelles Annales de Mathématiques,* while Lipkin published his 
investigations only in 1871. In this letter Peaucellier makes 
much farther going claims than Lipkin ever did. It is true, however, 
that a clear description and drawing were not published by 
Peaucellier until 1873, but the aforementioned letter dispels all 
doubts as to the origin of this well-known mechanism. 

On the other hand, we have to be thankful to the author for 
having drawn attention to the fact that the name of the origina- 
tor of the first true space straight-line mechanism, Sarrus, is 
usually misspelled as Sarrut, due to its having appeared that way 
at the head of his paper (5). The author is correct, however, 
for the writer has confirmed from several directories of that period 
that “Sarrus’” is the correct spelling. With regard to Sarrus- 
mechanism, the author states in the brief description given in the 
“Introduction:” “If one of the latter plates is held fixed, the 
other plate is constrained to move parallel to it.” This, ap- 
parently, is an unintentional error, for the plate does not move 
parallel to the fixed plate, but perpendicular to it, so, however, 
that it always remains parallel to it. 

Under “Definitions,” the author states: “More complicated 
linkage mechanisms may be considered as combinations of simple 
chain mechanisms (the term ‘chain’ is superfluous).”” This is not 
correct, for linkages are feasible and actually exist, which are 
not combinations of simple mechanisms, but, by their formation, 
are complex mechanisms not reducible to simpler units. 

Passing now to the subject matter of the paper, the author de- 
scribes first the Bennett linkage which, he states, has only been 
described in Raoul Bricard’s book (7). Obviously, he has over- 
looked the book py Professor Dunkerley,’ in which Bennett’s 
linkage is included also. 

The author has derived Equations [2], [3], and [4] for the Ben- 
nett mechanism correctly, and his Fig. 2 is likewise correct. 
However, when we come to Fig. 4 of the paper, and to his deriva- 


* Lettre de M. Peaucellier, capitaine du Génie (& Nice), Nouvelles 
Annales de Mathématiques, second series, vol. 3, 1864, pp., 414-415. 

™ “Mechanisms,” by Stanley Dunkerley, third edition, Longmans, 
Green & Co., London, 1920, pp. 406-414. 
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tion of the formula for the motion of the links adjoining the fixed 
link, we encounter difficulties. The author has drawn his Fig. 4, 
in close agreement with that of Bennett,* who first used the 
“spherical indicatrix’” for deriving the formula. Both show a 
crossed skew spherical quadrilateral, and Bennett makes the 
following statement: ‘The ‘spherical indicatrix’ of the skew iso- 
gram (the name by which he calls his skew mechanism) is formed 
by taking vertices H, K, H’, K’ representing the directions (of 
the hinge axes) h, k, h’, k’. An arbitrary sense is given h, and 
those of k, h’, k’ are derived by successive twists, all measured 
in the same sense. The figure is a spherical crossed isogram with 
constant sides, and deforms simultaneously with the skew iso- 
gram.” From this statement, it is not clear how the spherical 
indicatrix is actually drawn by him. The formula given by 
Bennett for the links adjoining the fixed link is identical with 
that given by the author as his Equation [5]. 

On the other hand, the author defines the “spherical indica- 
trix” as the geometrical form obtained on the surface of the sphere 
when parallels to the hinge axes are drawn from the center of the 
sphere. In that case, an ordinary spherical quadrilateral or a 
crossed spherical quadrilateral is obtained, according to which- 
ever part of the axis is used to produce the intersection with the 
sphere. For the mechanism shown in the author’s Fig. 2, an 
ordinary spherical quadrilateral (with no crossed sides) is ob- 
tained as follows: 

Let Fig. 24 of this discussion represent a Bennett linkage, and 
let O, in Fig. 25, represent the center of a sphere of radius r, OD’ 
a parallel to the vertical hinge axis at D in Fig. 24. Further, let 
OA’ be the parallel to the hinge axis at A, which meets 
the sphere at A’ in the upper forward left-hand octant, while 
OC’, the parallel to the hinge at C, meets the sphere at C’ in the 
upper forward right-hand octant. The parallel to the hinge axis 
at B is more inclined than either OA’ or OC’ and will meet the 
sphere in a point B’, either in the upper forward right-hand or 
left-hand octant, as the case may be. If greatest circles are 
passed through each pair of the four successive points A’, B’, 
C’, D’, an ordinary (non-crossed) spherical quadrilateral is 
formed, in which the sides D’A’ and B’C’ are equal to @ and the 
sides D’C’ and B’A’ equal to 8, that is, to the skews of the 
respective hinge axes of the links shown in Fig. 24. If the internal 
angles of this spherical quadrilateral be designated by @ at A’ and 
C’, and by ¢ at B’ and D’, and if a further greatest circle be 
passed through A’ and C’, which divides the quadrilateral into 
two congruent spherical triangles, we get, by applying to any one 
of these triangles the proper Napier’s analogy 


cos (a — 8) 
2 2  cos'/; (a + 8) 


In the original publication, in which Bennett described his 
mechanism (8), he gave the formula as 


@ cos (a + 8) 


6 
- — = 


On the other hand, R. Bricard® as well as F. E. Myard!® have 
derived Bennett’s linkage from a torus (or ring) by using Villar- 
ceau’s circles, in which a bitangent plane cuts the torus, see Figs. 


8 “The Skew Isogram Mechanism,” by G. T. Bennett, Proceedings 
of London Mathematical Society, 2nd series, vol. 13, 1913-1914, pp. 
152-153. 

®“Démonstrations élémentaires de propriétés fondamentales du 
tore,” by Raoul Bricard, Nouvelles Annales de Mathématiques, 
fifth series, vol. 3, 1925, pp. 308-313. 

10 ‘Sur les chaines fermées & quatre couples rotoides non concour- 
rants, déformable au premier degree de liberté—Isogramme torique,”’ 
by F. E. Myard, Comptes Rendus de |’Académie des Sciences, Paris, 
vol. 192, 1931, pp. 1194-1196. 


Fic. 25 INDICATRIX FOR THE BENNETT LINKAGE 
SHowN IN Fig. 24 


(The spherical indicatrix is a non-crossed spherical quadrilateral [spherical 

isogram]. Sides A’D’ and B’C’ are equal to a, the skew of the links AD and 

BC of Fig. 24, and the sides A’B’ and C’D’ are equal to 8, the skew of the 

links AB and CD of Fig. 24. The angles 6 are the angles between links a and 

b at A and C, while the angles ¢ ¥ oe between the links a and b at 
an 


26 and 27 of this discussion. In that case, the hinge axes have 
inclinations which may result in a crossed spherical isogram and, 
hence, the formula given by Bennett® and by the author (his 
Equation [5]) may seem to hold, namely 
4 @ sin (a — 8B) 
2 sin '/: (a + 8) 

Thus, apparently, three different formulas exist for the motion 
of the links adjoining the fixed link, and the question arises which 
of these is the correct one. 

Since the meeting, at which the author presented his paper 
and the writer his discussion, the writer has investigated this 
question further and has arrived at the following conclusions. 

It is evident that neither Bennett’s definition of the spherical 
indicatrix nor that of the author is satisfactory and sufficient to 
prevent any ambiguity in obtaining the spherical quadrilateral. 
The ambiguity disappears when the directional sense of the hinge 
axes is properly specified, in which case cnly one type of spherical 
quadrilateral, namely, the non-crossed type, results. The proper 
specification of the directional sense of the hinge axes can be 
obtained as follows: 

A plane surface passed through two adjoining links and that 
passed through the two opposite links of a Bennett mechanism 
intersect one another in a straight line, thus forming two con- 
gruent triangles having one side in common. The “broken sur- 
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Fic. 26 Bennett LINKAGE ForRMED FRom a Torus By USING THE 
VILLARCEAU CIRCLES-PERSPECTIVE VIEW 
[The torus is indicated by two generating circles, the path of their center 
when moving about the vertical axis at D, and by the two limiting circles 
(inner and outer). The hinge axes and the Bennett linkage are shown for a 
random position. ] 


Fic. 27 SpHERICAL INDICATRIX FOR THE BENNETT LINKAGE SHOWN 
IN Fia. 26 


{Both the crossed (front half of sphere) and the non-crossed (rear half of 
sphere) spherical quadrilaterals are shown, depending on which parts of the 
axes at the B and C hinges are used.) 


face’’ formed by these two triangles (shown hatched in Fig. 24 
of this discussion) is to be considered as the “reference surface,” 
and the parts of the hinge axes to one side of this reference surface 
have to be considered as the positive halves, and those to the 
other side of the reference surface as the negative halves of the 
hinge axes. If we define the “spherical indicatrix”’ so that it shall 
always be formed by the parallels drawn from 0 to the positive 
halves (or alternately by the negative halves) of the hinge axes, 
then the spherical indicatrix will under all circumstances be an 
ordinary (non-crossed) spherical quadrilateral in which the oppo- 
site sides and angles are equal. Any crossing over from one side 
of the reference surface to the other results in a crossed spherical 
quadrilateral and has to be avoided. This simple definition 
amounts to considering, as the skew of the hinge axes of each link, 
the acute angle of skew, the skew being alternately right-hand and 
left-hand skew when passing from link to link in cyclic sequence 
until the starting point is reached again. Provided the inner 
angles of the spherical quadrilateral (or of the Bennet linkage) are 
designated by @ and ¢, respectively (@ at A’ and C’, ¢ at B’ and 
D’), the correct formula to be used for the motion of the two links 
adjoining the fixed link is 

@ cos (a — 8) 

2 2 cos (a + 8) 
that is, the formula derived by the writer. Since no crossed 
spherical quadrilateral can occur under this definition, the 
formula, given by Bennett in his paper,’ and by the author in his 
present paper, has to be abandoned. 
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There remains only the matter of clearing up the difficulty be- 
tween Bennett’s original formula and that of the writer. This is 
easily done. If the external angles instead of the internal angles 
of the Bennett isogram are designated by 6’ and ¢’, respectively, 
then we obtain, by using the proper Napier’s analogy 


180°—e@’ 180°—¢’ (a — 8) 
tan - tan = 
2 2 cos '/2 (a + B) 
or 
0’ cos '/s (a + B) 
tan tan 
2 2 cos '/2 (a — B) 


Thus, all difficulties have been cleared up satisfactorily. To 
the writer’s knowledge, this has never been done before. 

Next, the new linkages, derived by the author, have to be 
considered. It is not quite clear what ideas the author claims to 
be new. The idea of compounding two Bennett mechanisms to 
form a new one was hinted at already by Bennett himself, but 
was put into reality by the French kinematician F. E. Myard, 
although only in the form of two compounded symmetrical 
Bennett mechanisms. The author has to be credited, therefore, 
with having been the first to compound two unequal Bennett 
mechanisms, both of which, however, have one pair of opposite 
links of equal length, and with creating thereby a new five-bar 
linkage. Regarding his second or “syncopated” linkage, this, on 
closer inspection, turns out to be identical with the first, only that 
it is derived in a different way and is reversed. Hence, the two 
five-bar linkages of the author reduce to one only, a fact appar- 
ently not realized by the author, and, for the special case treated 
by Myard, this five-bar linkage was known already. What the 
author has discovered, however—and that is important enough to 
give his name a permanent place in the annals of kinematics—is: 
Two new and simple ways of deriving this linkage, namely, by a 
simple addition and/or subtraction of two ordinary Bennett 
linkages of any shape, having two pairs of corresponding links of 
the same size, and this he has achieved by his discovery that the 
product of the tangents of one half the angles between the fixed 
link on the one hand, and the driving and driven links on the 
other hand, is always a constant, or that 


$s = k, (a constant) 


6 
tan — tan 
2 


this being the same as for an ordinary single Bennett linkage 
which, as an auxiliary linkage, he has derived also. 

This discovery he has utilized, in addition, for deriving his six- 
bar linkages. The first one he describes, the series arrangement 
of three ordinary Bennett linkages, is undoubtedly new. The 
second one or his “syncopated” six-bar linkage suffers, how- 
ever, from the same fault as his syncopated five-bar linkage, for 
on closer inspection it, too, is found to be the same as the first 
(his Fig. 7), that is, it also is simply a combination of three 
Bennett linkages in series. His L-shaped arrangement, on the 
other hand, leads to a new type of six-bar linkage (his Fig. 9). In 
fact, this is also a combination of three Bennett linkages of which 
two have one link a in common, while the third has one link 6 in 
common with the first. His Fig. 10 shows that, by subtraction of 
two Bennett linkages from the L-shaped linkage, he apparently 
obtains a new form. On closer inspection, this form again turns 
out to be identical with that of the L-shaped six-bar linkage, only 
that the lengths of the end links are different. The author’s Figs. 
11 to 19 show further forms which he calls “variations”? of the 
new linkages described. They are obtained by subtraction 
of Bennett linkages from his five- and six-bar linkages. As stated 
already for the five-bar linkage, the important fact that the 
author has discovered is that Bennett linkages can be com- 
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pounded by addition as well as by subtraction, or by a combina- 
tion thereof, to form new constrained movable five- and six-bar 
linkages. In this respect, his Equations [9], [10], [11], [16], 
[17], and [18] assume importance, after they are suitably cor- 
rected, as explained previously for his Equation [5]. Equation 
[9], which should read 
cos '/, (B — a) cos '/2 (y — 
tan- tan — = —— 
2 2 cos '/2 (8 + a) cos '/2 (y + @) 
= k, - ke= ks (a constant) 


shows that the product of the tangents of the internal angles 
made by the fixed links with the driving and driven links is 
always a constant, even after compounding. Equation [10], 
which should read 


cos '/2 (8 + y— 4) _ cos (8 — a) cos (y— 
cos 1/2(B + y + 8) cos (8 + a@) cos '/2 (y + a) 


3» 


can be written in the form 


from which 6 can be calculated, that is, the skew of a link of an 
ordinary Bennett linkage which may replace the five-bar linkage 
as far as the motion of the two links adjoining the fixed link is 
concerned. The length of the link d itself is obtained from the 
author’s Equation [11]. Similarly, for the six-bar linkage, the 
skew « of a link e of an ordinary Bennett linkage, which may re- 
place the six-bar linkage as far as the motion of the links ad- 
joining the fixed link is concerned, can be obtained from the cor- 
rected Equation [17] 


cos (8 + + 6—e) 
cos '/3(8 6) 


_ cos '/2 (8 — @) cos '/2 (y — @) cos '/2 (8 — a) k 
cos (8 + a) cos '/2(y a) cos'/;(8— a) 


which can be written in the form 


The length of the link e of the equivalent Bennett linkage is ob- 
tained from the author’s Equation [18]. 

Next, the author has presented a generalization of the Bennett 
and derived linkages, but he has failed to state the ideas which 
led him to this generalization, that is, .o its derivation. Appar- 
ently, he has superposed the various linkages and has obtained 
thereby, as the common outline, a type of linkage shown in his 
Fig. 20. This linkage, obviously, is a seven-bar linkage, and 
since, as such, it is constrained movable no matter how the hinge 
axes are located, he has called it the “parent linkage.’”’ So far, 
no fault can be found with this procedure. 

Then, he has, apparently, tried to obtain the various linkages 
from this ‘parent linkage” and, to that end, he has set up equa- 
tions for the end links, as indicated in his Fig. 20. In these equa- 
tions he has entered both, an auxiliary link r and an auxiliary 
skew p multiplied by a factor m, and to obtain all the mechanisms 
described by him, he had to deduct therefrom terms of 2 ma and 
2 ma, respectively, from the length and the skew of the end links. 
By so doing, he actually obtains all the linkages described by 
him by putting either m = 1 or m = 0 and by suppressing other 
links. 

Since it has been shown here that the syncopated linkages are 
no new forms, this procedure will have to be modified so that 
only the “actual” linkages are obtained, that is, only m = O need 
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Fic. 28 Copy or LinKaGEe SHownN IN AuTHOR’s Fia. 23 


(The hinge axes are indicated. The two links a and 6 are clamped at B 

thereby transforming the six-bar mechanism into a five-bar mechanism. 

The auxiliary link replacing a and 6} is shown between axes 1 and 3. This 

link rotates about axes 1 and 3 and the distance n is the constant projection 
of the links a and 6 onto axis 3.) 


be used. This would mean that the terms containing m in the 
formulas for the end links are unnecessary and can be omitted 
thereby leading to considerable simplification. Perhaps the 
author can throw a little more light on this subject by stating the 
ideas which led him to the formulas for the end links and to his 
Equations [19], [20], and [21]. 

He, then, states that linkages with two degrees of freedom 
may be obtained by a combination of two or three ordinary 
Bennett linkages, as shown by his Figs. 21 and 22. To begin 
with, only six-bar linkages of two degrees of freedom can thus 
be obtained, and secondly, the author uses his Fig. 21 to illustrate 
two different cases, the one under consideration here and, a little 
later, that in which the offset length lines produce a constrained 
movable mechanism, that is, a mechanism with one degree of 
freedom only. Thus, his Fig. 21 illustrates both, the case of a 
mechanism with one degree of freedom and that of a mechanism 
with two degrees of freedom, and it is well to state this here 
clearly to avoid confusion. 

Finally, the author discusses the possibility of constructing 
movable offset linkages. He states his case correctly and says 
finally: ‘The ends of two length lines meet a hinge axis in two 
points which are separated by a distance which may be called an 
offset.”” The important matter, however, is that the two points 
are separated by a constant distance and that, therefore, the 
mechanism remains still movable although it is reduced from a 
six-bar linkage to a five-bar linkage. Fig. 28 of this discussion, 
which is a copy of the author’s Fig. 23, illustrates this clearly, but 
in Fig. 28, the two links which are locked are the links designated 
by a and b instead of the two shown locked at A by the author. 
This change was made, because the two links a and b show the 
condition of constant length between the foot points of the per- 
pendiculars between hinge axes 1 and 3 and 3 and 4 more clearly, 
or that n = a constant. The length n is constant, because links 
a and b are locked at the hinge 2 (at B) and, therefore, represent 
a link of constant length the projection of which onto the hinge 
axis 3, about which it rotates, is constant. 

Applications of these mechanisms have not been made so far. 
Once these mechanisms will be clearly understood, there is no 
reason why they should not find many applications, some of which 
the author has outlined. Since application of these linkages in 
practice requires that the designer should have a very clear con- 
ception of their properties, and since these properties were not 
all stated correctly in the paper presented by the author, the 
writer thought it necessary to clear up these properties as much as 
possible. 

In spite of the shortcomings of the paper, and the many 
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criticisms of the writer, the fact must not be lost sight of that the 
author has done an exceedingly useful piece of work by his dis- 
covery not only of several new space mechanisms, but also of 
simple methods for deriving them. For having undertaken this 
useful and arduous work on space linkages, which, in general, 
belong to one of the most difficult branches of the theory of 
mechanisms, particularly with respect to their kinematics, the 
author fully deserves the thanks not only of the Society, but also 
of that part of the engineering profession which is interested in 
mechanisms and their application to machinery and other ap- 
paratus. 


AUTHOR’s CLOSURE 


Mr. Franz’s objections to the use of space linkages in power 
drives is quite valid. These mechanisms are not recommended 
where long links are subjected to heavy compression loads or 
severe torsional strains. However, they can be very useful in 
control mechanisms, in interlocks, and sometimes in computing 
devices. The author has seen a dozen instances where a Bennett 
linkage could have been used to replace a more complicated 
mechanism. 

Ball-and-socket joints and Hooke’s joints are more difficult 
to manufacture than the simple links of a hinged mechanism. 
The latter require only the drilling of holes at the proper angles. 
It is quite true that the drafting of twisted links is more difficult, 
but the engineer is letting “the tail wag the dog,” if he allows the 
difficulties of drafting to influence the design. 

The author is grateful to Professor de Jonge for his labors 
which have resulted in the publishing of this paper. His sug- 
gestions have contributed toward making the exposition more 
intelligible to the engineering profession. As an expert on the 
subject of kinematics, his opinions are not to be taken lightly, 
although his praise of the contributions of this paper seems 
excessive. 

Professor de Jonge is well known to the Society for his papers 
on kinematics. The author agrees with him that many kinematic 
terms are ill-chosen, ambiguous, misleading, or too polysyllabic, 
and that better terms could be adopted. The author will leave 
that to the writers and compilers. The terms used in this paper, 
with few exceptions, had already been used by others. When 
new terms are necessary, the author prefers to follow the rule of 
choosing terms which are distinctive and descriptive, and to 
avoid common terms which have other connotations, even 
though these new terms may be exotic. However, some terms 
have become part of the language; for example, American engi- 
neers consider a left-hand screw to be “opposite hand” to a right- 
hand screw. Mathematicians prefer the expression ‘opposite 
sense.” 

“Shortest line’ was used only when its position in space was 
intended. “Shortest distance” is a scalar quantity which is 
only the length of the shortest line, and does not imply a position. 
The hyphenated expression “space-hinged linkage’ does not 
appear in the paper although the expression “space hinged 
linkage” was used to distinguish it from a hinged linkage in the 
plane. 

The formulas for the number of degrees of freedom of a linkage, 
whether plane or three-dimensional, in terms of the number of 
links and the type and number of the couples, apply only to the 
general cases. There are exceptional cases, however, and these 
should be distinguished by a special name. The term “para- 
doxical” was well chosen by Bricard to describe these cases. 
It does not mean absurd or contradictory but, according to the 
dictionary, only “seemingly contradictory.” The term is used 
in the same sense elsewhere in mechanics as, for example, in 
Ferguson’s paradox on gears and the hydrostatic paradox. 

Professor de Jonge is correct in stating that the syncopated 
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GOLDBERG—NEW FIVE-BAR AND SIX-BAR LINKAGES IN THREE DIMENSIONS 


five-bar linkage is similar to the primary five-bar compounded 
of two Bennett linkages, although this result is not obvious. 
However, the syncopated six-bar, except for special cases, is 
distinct from the six-bar made of a series arrangement of three 
Bennett linkages. The following two paragraphs illustrate the 
difference: 

The links of the syncopated linkage, which is associated with 
the five-bar linkage of Fig. 1(Z) of the paper, are congruent to 
those of Fig. 1(£), except that the links of length 2a and twist 
90 deg are replaced by links of length 0.444 and twist 12 deg 3 
min, corresponding to d-a, and 6-a obtained by the use of the6 
corrected forms of Equations [10] and [11]. The ratio of the 
length of the new link to the sine of its twist is 0.44a/0.22 or 2a. 
This ratio is the same as for the other two short links because 


V/ 2a/sin 45 deg = 2a and a/sin 30 deg = 2a. Since Equation 
[4] is satisfied for every pair of short links, this syncopated five- 
bar linkage may be resolved into two Bennett linkages. 

The links of the syncopated linkage, which is associated with 
the six-bar linkage of Fig. 1(F), are congruent to those of Fig. 
1(F), except that the links of length 2a and twist 90 deg are re- 
placed by links of length 1.536a and twist 42 deg 46 min, cor- 
responding to e-a and e-a obtained by the use of the corrected 
forms of Equations [17] and [18]. In this case, however, the 
ratio of the length uf the new link to the sine of its twist is 1.536a/ 
sin 42 deg 46 min or 2.263a. For the other short links in the 
syncopated linkage, the ratios are each 2a. Since Equation [4] 
is not satisfied for every pair of short links, the syncopated 
six-bar linkage is not resolvable into three Bennett linkages. 

The paper calls attention to the fact that the various methods 
of deriving the linkages did not always yield distinct linkages. 
An exhaustive investigation of the possibilities has not yet been 
made. The parent linkage of Fig. 20 of the paper is an attempt 
at summarizing the results by superimposing the new linkages. 
It does not, of itself, add any new results. 

Professor de Jonge has performed a great service in pointing 
out the error in the evaluation of the constant k as it appears 
in Equation [7], and elsewhere in the paper. This evaluation 
has been beset by pitfalls and unfortunate mistakes since it was 
first conceived by Bennett. It was correct in Bennett's first 
paper although the associated figure was wrong. It was changed 
in his second paper to another formula which was incorrect. 
Since then, the literature has been confused by the repetition of 
both formulas. The formula derived by Professor de Jonge, to 
add to the confusion, is also incorrect. 

The foregoing errors arise from two causes. One is the 
ambiguity in the formation of the spherical indicatrix, but this 
error can be avoided very easily by the use of other means as 
willbeshown. The other difficulty is more fundamental, namely, 
the twist never exceeds 180 deg. A twist of 180 deg is the same as 
a twist of zero, while in the customary trigonometry an angle of 
360 deg, but not 180 deg, corresponds to an angle of zero. These 
errors should serve as a warning to succeeding investigators. 

Equation [4] was obtained by taking the Bennett linkage in 
mid-position. The movability of the Bennett linkage can be 
shown completely by beginning with the four-bar linkage ABCD, 
shown in Fig. 2 of the paper, in which all the joints are con- 
sidered to be ball-and-socket joints. If AC and BD, not being 
kept equal, are allowed to vary so that the four-bar linkage 
remains symmetrical about a line, then 


Angle BAD = angle BCD 


and 
Angle ADC = angle ABC 


Then the volume V of the tetrahedron can be taken in two ways 


6V = (absin ¢) bsin @sina 


or 6V = (ab sin @) a sin ¢ sin 8 
This shows that during the motion 
bsin a = asin B 


which is equivalent to Equation [4]. This relation is inde- 
pendent of angles @ and ¢. Therefore, the angles a and 8 can 
be fixed twists while @ and ¢ vary. 

The correct relation between 6 and ¢ can be obtained from 
Fig. 2 as follows: 


bcos ¢ = a—bcos@ = (b —a cos @)cos + asin @ cos 8 sin 
or 

a(1 + cos cos ¢) —b cos bcos = asin @cos Bsin ¢.. . [22] 
and 

acos ¢ = b—acosé@ = (a—b cos @)cos ¢ + bsin 6 cos @ sin 
or 

b(1 + cos 6 cos ¢) —a cos @—acos¢ = bsin#@ cos asin ¢. . . [23] 
Adding Equations [22] and [23] 

(a + b)(1 — cos @)(1 — cos ¢) = sin @ sin ¢ (a cos 8 + 6 cos a) 
Using Equation [4] of the paper, this becomes 


@  acos +beose sin cos 8 + cos @ sin 8 
a+b sin + sin 8 
_ sin (a + 8) 


sin a + sin B 


_ 60s "/x(a + 8) _ 
cos — 8) 


This equation should replace the incorrect formula of Equation 
[5] of the paper. The succeeding equations, involving the k’s, 
have to be modified accordingly. 

The sum of the interior angles of the Bennett linkage (or of 
any skew quadrilateral) is less than four right angles, since it 
can be formed from a plane quadrilateral by a fold about a 
diagonal. The process of folding reduces the interior angles 
at the ends of the diagonal. The sum of the interior angles of a 
spherical quadrilateral, on the other hand, is always greater 
than four right angles. Therefore, it is not the interior angles, 
but rather the exterior angles of the spherical indicatrix which 
correspond to the interior angles of the Bennett linkage. It is 
this difference which seems to have been the cause of Professor 
de Jonge s error. The correct spherical indicatrix diagram asso- 
ciated with the correct formula is shown in Fig. 29, which should 
replace Fig. 4. 


k 


Fig. 29 


SpuHeERICAL INpicaTRIx D1aGRAM 


It is to be regretted that the error which appears in this paper 
was not discovered before it was presented to the Society. It is 
well, however, that this discussion has disclosed the error and 
similar ones which seem to have passed without comment, and 
frequently unnoticed, in the earlier literature. Fortunately for 
this paper, however, the error is only in the formula for the 
evaluation of a constant and it does not invalidate the new results 
which are essentially qualitative. 
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The author has attempted to show what the various 
problems of plane kinematics are and how they have been 
approached and solved by simple means so as to make 
modern plane kinematics a usable tool, not for the mathe- 
matician or kinematician, but for the practical engi- 
neer. In this respect, the elements of a simple univer- 
sally usable terminology are given, and the various 
branches of plane kinematics have been reviewed briefly 
to give the uninitiated an idea of the great simplicity of 
the modern methods. Quantitative kinematic synthesis 
has been presented briefly to the English-speaking engi- 
neer for the first time. A few remarks on the graphical 
methods used in space kinematics are added. 


machinal devices” to which “kinematics,” “kinetostaties,”’ 


Prrecninat devi the author (1)? has outlined a “science of 


and “graphical dynamics’ form subordinate sciences. 
The science of machinal devices will be dealt with in greater detail 
at a later date. At present, the challenge extended to the author 
by the various discussers of his previous paper (1) shall be met, 
and the author will show here the directions in which modern 
kinematics has been or is being developed. 


INTRODUCTION 


In order to present a clear picture, the entire structure of 
modern kinematics will have to be reviewed briefly. As was 
stated in the previous paper (1), the mistake made in the English- 
speaking countries is that mechanisms have been considered as 
primary units. These have then been treated by whatever 
methods were found most convenient. Thus, a multiplicity of 
methods has come into use, which confuse many an engineer. 
In Europe, on the other hand, the motion of a free system is con- 
sidered first by a uniform method, and all mechanisms appear 
simply as special cases of this general motion. 

Kinematics deals (a) with the motion of a material point, and 
(b) with the motion of a material system. The former need not 
be discussed here, as it is usually treated of extensively in most 
textbooks. The motion of a material system can take place in 
the plane or in space, and can be that of a free system, of a partly 
constrained or guided system, or of a fully constrained system. 
The latter system is equivalent with an elementary kinematic 
chain. We will here confine ourselves to considering the motion 
of plane systems, and will only very briefly, at the end, touch 
upon the methods used for investigating systems moving in space. 

Before, however, taking up the subject of kinematics proper, 
it is necessary to say a few words about the terminology and ex- 
pressions which are widely used at present, and the necessity for 
changing them. 


ConcisE TERMINOLOGY 


To begin with, it is of importance to discuss the necessity for a 
clear and simple terminology in the English language. Numerous 


1 Adjunct Professor, Polytechnic Institute of Brooklyn. Mem. 
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new concepts have been formed abroad and have been given 
simple names in foreign languages, while, up to the present, no 
equivalent terms exist for them in the English language. More- 
over, other terms can be improved or simplified. Thus, while it is 
possible in foreign languages to use concise expressions for most 
concepts, cumbersome and lengthy descriptions have to be used 
for these concepts in the English language. Since economy in 
words is just as essential as economy in geometrical constructions, 
it becomes necessary to form new expressions or to modify exist- 
ing ones so as to comply with this principle. This will be illus- 
trated by a few examples. 

The first term which immediately comes to mind is “‘instan- 
taneous center (or axis) of rotation.” This lengthy compound 
term of 11 syllables was found to be too cumbersome, and it was, 
therefore, shortened to “instantaneous center” (7 syllables), 
“virtual center’ (5 syllables), “instant center’ (4 syllables), and 
one author has even substituted for it “centro” (2 syllables). 
Obviously, the trend has been toward simplification, yet, as 
shown, there exists a multiplicity of terms for the same concept. 

Furthermore, the path of the instantaneous center during the 
motion is a curve, or rather two curves, one in the fixed system and 
one in the moving system. The name for these curves, introduced 
for the first time by Professor Kennedy (2), was the incorrectly 
formed word “‘centroides,”’ proposed by Professor Clifford (Eng- 
land), and this term was later rectified by being changed into “‘cen- 
trodes” (paths of the center). The two curves touch one another 
in the instantaneous center and have in it a common tangent 
and normal. This tangent would have to be designated as ‘‘tan- 
gent to the centrodes in the instantaneous center.”” How im- 
possible such an expression is will be realized when it has to be re- 
ferred to several times within one sentence or has to be used fre- 
quently. The need for simplification is obvious, and it can be 
obtained as follows: 

Since, in projective geometry, a point about which lines rotate 
to create a geometrical form is frequently called a “pole,” the use 
of this term suggests itself as a substitute for ‘‘instantaneous 
center.”” When a plane rotates about a fixed point, this point is 
customarily called a “center.”” When, however, a plane rotates 
about a point which continuously shifts its position, there is no 
reason why it could not be designated as a “‘pole”’ or, better still, 
as a “rotopole.”” That this is not just a fancy of the imagination 
is evidenced by the polar axis of the earth and the points at which 
it cuts the earth’s surface, these points being commonly called 
the “poles.” Neither the polar axis nor the poles are fixed, but 
change their position with time. Thus, the choice of the term 
“pole,” or “rotopole,” instead of instantaneous center seems 
appropriate, and the English language is brought thereby in line 
with German and other foreign languages. 

Next, it becomes necessary to assign a name to the two curves 
described by the “rotopole” during the motion. Each can be 
called a “‘pole path” or, if one prefers the Greek equivalent, 
‘‘polode”’ and, both together, the “‘polodes.’”’ Furthermore, the 
rotopole, the point of contact of the polodes, continuously changes 
its position on the polodes during the motion. It must, therefore, 
have a velocity of its own which, accordingly, is called the ‘“ve- 
locity of change of the rotopole” or simply the “pole velocity.” 
These terms would bring the English language again in line with 
numerous foreign languages. Having thus formed the simple 
expressions of “pole,” “‘polode,” and “pole velocity,” it now is 
easy to choose a suitable term for the common tangent to the 
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polodes. The “tangent to the polodes in the pole’’ can be desig- 
nated yet more simply by “pole tangent.’’ These terms establish 
a simple and coherent system of designations, the usefulness of 
which will soon become evident. 

When, furthermore, in the parlance of projective geometry, 
a flat pencil (of rays) be laid through the rotopole, each of these 
“rays” would be normal to the elements of the paths described, 
in the fixed system, by all points of these rays located in the mov- 
ing system. All these rays represent, therefore, ‘normal rays,” 
and the one perpendicular to the pole tangent would, appro- 
priately, be called the “principal normal ray.” 


A New Concept 
It now becomes necessary to explain a new concept introduced 
into kinematic geometry by Prof. W. Hartmann (Germany). 
If A; and B, are two points of a normal ray in the moving system 
which, at a given instant, have the velocities va and v» (Fig. 1), 


ay 


Fig. 1 THeta ANGLE AND THETA LINE 


then, assuming rigid systems, the end points of the velocities of all 
other points of the normal ray lie on the line v,v, which meets 
A,B, in the rotopole P and makes with A,B, the angle 3. Hart- 
mann has called this angle the “theta angle” and the line v,v, the 
“theta line.” Because of the special nature of this angle, Hart- 
mann selected for it the alternate symbol 8 and not the usual 
symbol @ used for variable angles. The introduction of the 3- 
angle and ¥#-line simplifies descriptions of geometrical construc- 
tions considerably. 

Thus, an essential terminology has been set up for the most 
fundamental elements of kinematic geometry. There is nothing 
unnatural or artificial about it since all terms fit in nicely with 
each other and with others as will be seen. 


I—Tue FREE PLANE SysTEM 


(A) Polodes. The coplanar motion of a free plane system rela- 
tive to a fixed plane consists, as is well known, in the rolling mo- 
tion of its polode on the fixed polode. 

An important step in the development of kinematic geometry, 
as employed for the investigation of machinal devices, was the 
introduction, by Reuleaux, of a more complete and detailed in- 
vestigation of the polodes and the application of the latter to the 
discussion and development of mechanisms. To be sure, polodes 
had been studied long before, yet always from the purely mathe- 
matical angle, and they seem to have scarcely been drawn for 
actual mechanisms. Reuleaux, however, was the first who ap- 
plied them to the detailed study of crank mechanisms and thus 
laid the foundation for a new theory, namely, that of equivalent 
mechanisms. 

One of his former students who afterwards, as Professor Hart- 
mann, became his principal assistant and, later, successor at the 
Technical College of Charlottenburg, Germany, was the first who 
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made extensive use of the polodes for the creation of mechanisms 
for a given purpose. In this respect, he may be considered as one 
of the first to have employed kinematic synthesis (although not 
quite in the sense this expression is used nowadays) for the geo- 
metrical design of mechanisms. Early in his career, when still a 
young “Regierungsbaumeister” (government constructor), Hart- 
mann was given the task of investigating what was the trouble 
with a certain type of tender-locomotive which, in forward mo- 
tion, would easily pass through a certain curve, but would, in- 
variably, derail the tender when passing through it backwards. 
Hartmann used extremely ingenious reasoning and solved the 
problem by his masterly investigation of the locomotive-tender 
couplings (3). In this investigation, he determined a slider- 
crank mechanism which permitted correct motion between loco- 
motive and tender. Since this mechanism proved unsuitable for 
other reasons, he had to replace it by another more suitable one. 
For the first one, he established the two polodes belonging to the 
two members involved and obtained the radii of curvature of the 
polodes for slight angles of deflection. This enabled him to de- 
termine the radii of curvature of the paths of points of the loco- 
motive relative to the tender, and vice versa. These he used, for 
the first time, in a truly engineering way (not merely mathemati- 
cally) as design elements (bars) for the desired coupling. In fact, 
for safety reasons, he used three bars, two to prevent sidesway 
and the third as the actual drawbar. In order to take up com- 
pressive forces, he added two rollers and proper tooth profiles on 
which they could roll. Thus, he obtained a theoretically accu- 
rate coupling. All who saw the locomotive and tender, however, 
with the three bars connecting them (without play), shook their 
heads in amazement and pointed out that, while two bars would 
produce a movable mechanism (four-link chain), the addition of a 
third bar would make the chain immovable, that is, rigid. Hart- 
mann, however, had not chosen the lengths of the bars at random, 
but had made them equal to the radii of curvature of their respec- 
tive point paths, and had thus obtained a redundantly closed 
chain, which is constrained movable within certain limits. Need- 
less to say, the locomotive and tender completely fulfilled Hart- 
mann’s expectations and, at the same time, established his repu- 
tation. In the book cited, he has discussed exhaustively the en- 
tire subject of locomotive-tender couplings, using for them 
mechanisms ‘“‘of the first kind’’ as well as those ‘‘of the second 
kind,” as he called them. . 

By this investigation, Hartmann had shown that mechanisms, 
which have the same polodes, have the same motion and are, 
consequently, equivalent. If the polodes coincide within certain 
limits only, the motions are, also, identical within these limits 
only. It should be pointed out that, while Hartmann, thus, had 
established the theory of equivalent mechanism, he did not 
make extensive use of it and did not exploit it to the limits of its 
capabilities as has been done by this author. The importance of 
this theory and, consequently, of the study of the polodes hardly 
needs further elaboration. 


(B) The Quadratic Transformation. Reference to the radii of 
curvature has already been made. In plane motion, a relation- 
ship, called the “quadratic transformation” assumes extraordi- 
nary importance. It may be defined briefly thus: “In the quad- 
ratic transformation, a point in the moving system and a point in 
the fixed system are interrelated so that each is the center of cur- 
vature of the path deseribed by the other.” The point in the 
moving system and its corresponding point in the fixed system 
are, therefore, doubly correlated and form, in the parlance of 
projective geometry, an “involution.” In general, there corre- 
sponds to each curve of the n-th degree in one system a curve of 
the 2n-th degree in the other system, hence the name “quadrati¢ 
transformation.” 
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This relationship, which is a purely geometrical one, can be 
derived most readily by means of projective geometry, that is, 
without considering time. Consequently, it is not a kinematic 
relationship, since velocities and accelerations do not play any 
part in it. Various authors have treated this subject either 
geometrically or analytically. A simple geometrical construction 
for the centers of curvature from a known pair was derived by E. 
Bobillier (4). An analytical and geometrical treatment of the 
quadratic transformation is contained in Signor Allievi’s very 
original and masterly treatise (5), in which he derived, by the 
use of the analytical expression for the quadratic transformation, 
numerous important theorems which led him to the treatment 
of the higher properties of motion. Since American engineers 
are trained very one-sidedly—analytically—Allievi’s treatment 
should appeal to them greatly, but it must be kept in mind that 
his analytical derivations are also based on projective methods 
and require, besides, a knowledge of the fundamental properties 
of higher algebraic curves. 

On the other hand, it is by no means necessary to exclude 
“time” in deriving the quadratic transformation. In that case, a 
truly kinematic method results which involves velocities (or 
eventually accelerations). This method, which is due to W. 
Hartmann (6), is extremely simple mathematically. Since its 
derivation requires only the knowledge of elementary Euclidean 
geometry, it will here be given briefly for the specific case of a 
circle rolling upon a fixed circle. 

In Fig. 2, let O, ro, x be, respectively, the center, radius, and 
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Fig. 2. Construction oF CENTER OF CURVATURE FOR THE PATH OF 
Any Point or A MovinG System 


(According to Hartmann.) 


circumference of the fixed circle, and O’, ro’, x’ those of the moving 
circle which rolls upon x. The point of contact P of the two 
circles is the rotopole for the motion of x’ (and its entire plane) 
upon x and lies on OO’, the principal normal ray which is normal 
to the pole tangent PT. The point O’ describes a circular path 
0-o about O. Let v’ be the velocity which the center O’ attains 
due to its instantaneous rotation about the rotopole P with the 
angular velocity w. Hence 


By joining the end point of v’ with P, the d-line Pov’ of the princi- 
pal normal ray of the moving circle x’ is obtained and, at the 
same time, the J-angle O’Pv’. Geometrically, we have, therefore, 
also the equation 
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Since the rotopole P always lies on the principal normal ray 00’, 
and since the latter, due to the motion of O’ on 0-0, rotates about 
O, the rotopole changes its position continuously with a velocity 
which is obtained by joining the end point of v’ with O. The in- 
tercept Pu on the pole tangent is the pole velocity u. From simi- 
lar triangles, we get 


+r, 
u 
and by substituting v’ from Equation [1] 


rtr’ 1,1 


Lee [3] 


If, furthermore, A’ be any point in the plane of the moving 
system (circle x’) and A’P its normal ray, its velocity v, is, when 
A'’P =r’, 


or geometrically 
[4b] 


Let A be the center of curvature of the path a-a described, in the 
fixed system, by A’ of the moving system. In analogy to the 
center of curvature O of the path o-o described by O’, which can 
be found when v’ and u are known, A can be obtained easily 
when the velocity us of the rotopole P perpendicular to the nor- 
mal ray A’P is known. This velocity us, however, is the com- 
ponent of u perpendicular to A’P. If the angle made by the 
normal ray A’P with the pole tangent PT be ¢, then 


The line joining the end point of v, with that of u, cuts A’P in A, 
the center of curvature of the path a-a of A’. This is the simple 
construction devised by Hartmann. 

The analytical expression equivalent to this construction is 
easily obtained. When PA = r, we get, from similar triangles 


r+r’ 


r Ug 


and by substituting therein Equations [4a] and [5] 


r+r’ 


1 w 
r r u 


Combining Equations [3] and [6], we obtain 


1 1 1 1 
r 


r 


whence 


the well-known Euler-Savary Equation (7), which represents the 
analytical expression for the quadratic transformation. This rela- 
tion, which is not as readily obtainable analytically, is here derived 
with the greatest ease from Hartmann’s construction. 

Naturally, it is here not possible to give more than the deriva- 
tion of this important law. Besides Hartmann’s original paper 
cited (6), an extensive treatment of the quadratic transformation 
was published, in 1937, by W. Meyer zur Capellen (8). 

It has been stated that the derivation was to be giver for a 
special case, namely, for the rolling of one circle x’ upon « fixed 
circle x. If these circles now be regarded as the osculaiory cir- 
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cles of the respective polodes, the construction becomes per- 
fectly general. 

The simplicity of this method for finding the radius of curva- 
ture will be demonstrated by reference to an example. M. E. 
Martellotti (9) has determined the radius of curvature of the 
tooth path of a milling cutter by using the well-known formula? 


= 
dz? 


Anyone who wishes to try this method, starting from Mr. 
Martellotti’s original equations, will be surprised at the great 
amount of calculation and transformation the differentiations 
entail. Only when all feasible simplifications are introduced at 
the earliest possible moment do the formulas become manage- 
able. At any rate, the process is slow and cumbersome. By 
Hartmann’s method, this problem is solved as shown by the 


Fic. 3 DETERMINATION OF Rapius OF CURVATURE FOR PATH OF 
a MILutnG-CuTTER TOOTH 
(According to Hartmann’s method.) 


geometrical construction in Fig. 3, and the analytical expres- 
sions are derived from it as follows: 

In Fig. 3, let x’ be the rolling circle (center O’, radius r,’) 
which rolls upon the straight line a (circle with infinitely large 
radius, r, = ©). Point P is the rotopole, A’ the cutting edge of 
the milling cutter tooth, PA’ the normal ray, on which the center 
of curvature A must be located. Let the angle it makes with 
the pole tangent be y. Let us assume further an angular velocity 


w = 1. Then, with the designations given in Fig. 3 


and by Hartmann’s construction, if AA’ = p 


r’—r,’ sin ¢ 
Further 
+ Reosy 
r'sing =r,’+Reosy or sing = ~ {e| 
hence 
r 


3 Refer to Bibliography (9), Equation [6]. 
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and the depth of cut 


d=R-—-Reosy or Reosy =R-—d....... (g] 


and from Equations [f] and [g| 


r sing = r’ 


— 


- 
Substituting Equation [h] into [d] 
But 
r’? = R? + + 2Rr,' cosy 
R* + + (J) 


whence 


~ RE + + — d) — 


_ URE + + — 


R? + — d) 
Since, according to Martellotti’s designations (9), 


we get finally 


Qn T 
R? + (R—d) 
Qn 


This result, which has been derived here without differentiations, 
is the same as that found by Mr. Martellotti by the cumbersome 
process of differentiation and elimination. There can be no 
doubt as to which method is the simpler one, the advantage lying 
entirely with the modern kinematic method as was stated by the 
author in his discussion of Mr. Martellotti’s paper (10). 


(C) General Theory of Curvature. As shown, the quadratic 
transformation teaches how to find the radii of curvature and the 
curves which correspond to given curves. Next, it becomes nec- 
essary to investigate what the state of curvature is of the point 
paths described by points in the various regions of the moving 
system. There exist points which, at the instant, describe the 
inflection points of their paths and others which describe cusps of 
their paths. These points lie on two circles which, respectively, 
are termed “inflection circle” and “cuspidal cirele.””, Other points 
of the moving system describe portions of their paths, which have 
stationary curvature. All such points in the moving system lie 
on a curve of the third degree, which has been given various 
names, but which here may be called the “cubic of stationary 
eurvature.”” To it corresponds a similar “cubic of stationary 
curvature” in the fixed system. These two cubics play an im- 
portant part in modern kinematic geometry and also in the 
modern kinematic synthesis of mechanisms. They are very 
easily constructed as may be seen, for example, from Allievi’s 
book (5). These cubics, which are focal curves, have been studied 
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extensively by Allievi and numerous German investigators. As 
Allievi has shown, these investigations lead to the establishment 
of several new concepts which, however, can here not be dealt 
with further, and to a systematic investigation of all elementary 
mechanisms, particularly also of those in special positions, as for 
example, in dead-point position, of symmetrical mechanisms, 
ete. Allievi has carried out this investigation in great detail and 
has classified the mechanisms into series according to their geo- 
metrical properties. On that account, his investigation is of 
greater usefulness to the practical engineer than are some of the 
other purely theoretical studies. 

Furthermore, there exist regions in the plane, in which the 
curvature follows special laws, that is, the consecutive positions 
of points of the moving system fulfill certain conditions, namely, 
of lying on various curves, for example on straight lines, on cir- 
cles, ete. Allievi and others also carried out investigations of 
these subjects. Other important studies include that of the 
evolutes of the point paths, Ball’s point and Ball’s curve, and the 
studies of the singularities of motion. 

One problem deserves special mention, namely, the determina- 
tion of the radii of curvature of the polodes. Time and again, 
mathematicians and engineers have tried to obtain them by 
means of the simple constructions that follow from the quadratic 
transformation. This is entirely erroneous, for the problem is far 
more complicated. It requires for its solution the investigation 
of four infinitely near positions or, what amounts to the same 
thing, the use of the evolutes of curve-envelopes or of the cubics 
of stationary curvature. A more direct method is due to Hart- 
mann, 


(D) Velocities and Accelerations. The problems considered 
so far are mostly problems of differential motion, that is to say, 
they deal with properties of the motion at a given instant. There 
are other problems, however, which investigate properties of the 
motion during a definite interval of time. The rolling of the 
polodes was such a problem. Velocities and accelerations of 
points of a moving system may be of either kind. 

The state of the velocities and that of the accelerations of a 
moving free system at a given instant are briefly called “velocity 
state” and “acceleration state’ respectively. They consider 
the velocities and accelerations of all the points of the system, 
that is, of the infinitely extended plane. Since any set of points 
composes a geometrical form, the investigation of these states 
has to concern itself with the determination of velocities and ac- 
celerations of such forms as straight lines, flat pencils, polygons, 
and curved figures. The sum total of the velocities and of the ac- 
celerations of any of these forms represents a “diagram of in- 
stantaneous velocities’ or of “instantaneous accelerations” 
respectively. These diagrams may be of different kinds. De- 
pending upon whether the velocities or accelerations are plotted 
in their proper positions, are turned through an angle, or are 
plotted from a certain point either parallel to their original posi- 
tions or to their turned positions, local velocity (or acceleration) 
diagrams, turned velocity (or acceleration) diagrams, polar 
velocity (or acceleration) diagrams, and polar turned velocity (or 
acceleration) diagrams are obtained. The author calls the two 
latter more briefly “velocity (or acceleration) polygons’ and 
“turned velocity (or acceleration) polygons” to differentiate 
them from the local velocity (or acceleration) diagrams which he 
calls simply “velocity (or acceleration) diagrams” and “turned 
velocity (or acceleration) diagrams. While the velocity diagrams 
described are well known in the United States, the respective 
“acceleration diagrams’’ are looked for in vain in American text- 
books, except the polar-acceleration diagrams (or “acceleration 
polygons”) which have been used in some of the more recent text- 
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To elaborate this statement a little further, a few details of the 
theory of acceleration shall be presented. As will be clear from 
what has been said about the state of curvature of a moving rigid 
system, there exist points which move through the inflection 
points of their paths and, consequently, cannot have an accelera- 
tion component normal to this path. Other points exist which 
have no tangential component of the acceleration, that is, no 
component in the direction of the path. These two kinds of 
points lie on two circles respectively. From this fact alone, it 
will be clear that the entire state of acceleration of a moving 
system requires careful investigation. Laws very similar to those 
that hold for velocities are found to exist for the accelerations. 
As is well known, the rotopole is the only point of a moving system 
which, at the instant considered, has no velocity. The velocities 
of all other points are proportional to their distances from the 
rotopole. It might, now, be assumed that the rotopole has also 
no acceleration. This is erroneous, however. Yet there does 
exist a point which has no acceleration. As is clear, it must be 
the second point of intersection of the two circles mentioned be- 
fore, points of which either have no normal or no tangential 
component of acceleration (the first point of intersection being the 
rotopole). This point was first discovered by A. Transon (11). 

Much later, J. A. Chr. Bresse (12) carefully investigated the 
accelerations of a moving system. It was he who found the two 
circles mentioned, which today bear his name (‘‘Bresse circles’’), 
and who gave their second point of intersection the name ‘‘centre 
des accélérations.”” In conformity with our definitions of ‘‘cen- 
ter’ and “pole’’ given at the beginning, it is better to call it the 
“acceleration pole” since it continuously changes its position like 
the rotopole. The accelerations of all other points, Bresse found 
to be proportional to their distances from the acceleration pole, 
and all accelerations make the same angle with their “accelera- 
tion rays,” that is, with the straight lines joining them with the 
acceleration pole. Many other valuable facts about accelerations 
have been discovered by the numerous investigations made by 
French and German scientists. None of these developments can 
be found in American textbooks as was previously stated by the 
author and repeated hereinbefore. Thus he stands vindicated. 


(E) State of Continuous Motion. Next the state of continuous 
motion of a rigid system has to be investigated. Of interest 
become now the questions how velocities and accelerations of 
given points change during a definite period of time. The ana- 
lytical investigation of these changes is out of the question, be- 
cause the formulas, even for very simple mechanisms, become so 
complicated as to be virtually unmanageable. The graphical 
investigation gives results in a relatively simple way. Since the 
velocities lie in the direction of the tangents to the path of the 
moving point, they can be plotted directly. Accelerations may 
also be plotted directly if their angular deviation from the re- 
spective normal is known. In general, it is better, however, to 
resolve them into normal and tangential components and to plot 
each of these separately. The idea of plotting velocities and ac- 
celerations in the respective positions of the moving point has to 
be credited to A. F. Moebius, but the name “hodograph’’ for the 
diagrams which thus result and their detailed investigation is 
due to Sir William R. Hamilton (13). Today, these diagrams are 
called “local hodographs” of the velocity or acceleration respec- 
tively. M. Griibler has shown that, by plotting the “turned 
velocities” (+90°) to either side of the path, the total accelera- 
tion and its correct position can be obtained easily. The re- 
sulting velocity diagrams are called hodographs of turned ve- 
locities. If the velocities and accelerations are plotted, from a 
fixed point, parallel to their actual positions, polar hodographs 
of velocities and accelerations result. The laws of these hodo- 


graphs have been investigated repeatedly. 
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The hodographs represent really velocity-displacement and 
acceleration-displacement diagrams over the curved path of the 
point. To get a better idea of the change of velocities and ac- 
celerations, it is customary to plot displacements, velocities, and 
accelerations against time in rectangular co-ordinates. Thus 
three types of well-known kinematic diagrams are obtained which 
are interrelated in the same way as are integral curve and differ- 
ential curve. Other kinematic diagrams result when velocities 
and accelerations are plotted over the rectified path of the point, 
i.e., against displacements. Finally, an acceleration-velocity 
diagram is possible, and, from the foregoing, time diagrams 
plotted against displacement, velocity, or acceleration may be de- 
rived. All these diagrams are well known, yet some of them, par- 
ticularly the hodographs, are generally not treated in American 
textbooks. 

Several other interesting investigations have to be mentioned: 
The investigation of the possible states of acceleration due to L. 
Burmester, the investigation of the velocities and accelerations of 
similarly variable systems, which forms the bridge between the 
hodographs for various points, and between the hodographs and 
the motion of the plane system itself; furthermore, the investiga- 
tion of the higher accelerations, and the investigation of angular 
velocities, angular accelerations, and the higher angular accelera- 
tions. 


JI—Tue System 


The free system has a threefold movability or, as it is generally 
expressed, three degrees of freedom. When the free system is sub- 
jected to restraint by guides, a “guided system” results. This 
may be of two types. If two degrees of freedom are left by the 
guide, the system is able to move so that each of its points can 
cover a certain area or range. Such a system is called a “singly 
guided” or “restrained movable system.” If the system has only 
one degree of freedom left, all its points can move only on certain 
curves or paths. Such a system is called a “doubly guided” or 
“constrained movable system.” 


(A) Restrained Movable System. An example of a restrained 
movable system is the planimeter, or similar instruments as, for 
instance, the integrator, integraph,etc. One point in these instru- 
ments is either guided on a circle or on a straight line, while any 
other point, for example the tracer point, is free to assume any 
position within a limited range of the plane. The motion of the 
restrained movable system, which has two parameters, has been 
investigated by G. Koenigs, R. Bricard (France); A. J. E. Beth, 
W. Van der Wouden (Holland); F. Wittenbauer (Germany). 
The importance of the system is greater than may appear on 
first sight. 


(B) Constrained Movable System. In this system, guiding can 
be effected by points, straight lines, or curves, and the guided 
elements may also be points, straight lines, or curves. Thus, a 
great variety of cases of possible constraint results, which have 
been investigated and classified, for instance, by F. Wittenbauer, 
and by R. Kreutziger. A special case, that of guiding two points 
of the movable system on two circles in the fixed system (crank- 
lever mechanism or four-link mechanism) has been treated of in 
almost every text book. The problems which this four-link mecha- 
nism creates are manifold. To begin with, the curves created 
by any point of the system (or coupler) having a general motion 
have to be investigated. These curves are now commonly called 
“coupler curves.” In England they were called “three-bar 
curves.” They have been extensively investigated, analytically, 


by 8S. Roberts (England), who has determined their order, class, 
and singularities and, in addition, those of the polodes and enve- 
lopes created by curves in the moving system. A. Cayley (Eng- 
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land) has, likewise, extensively investigated the coupler curves. 
Recently, the coupler curves have been determined photographi- 
cally or mechanically by K. Langen, K. Rauh, and others in 
Germany. One of the most important results found by S. Rob- 
erts is the threefold generation of the coupler curve, i.e., the 
generation of the same coupler curve by three different, but inter- 
related four-link mechanisms. 

Special curves are produced when the four-link mechanism as- 
sumes special forms. If both guiding circles have infinitely large 
radii, the elliptic motion results and by its inversion the cardi- 
oidic motion (Pascal’s curves). If one circle each, in the fixed and 
the moving systems, has an infinitely large radius, and the other 
two an infinitely small radius, that is, shrink together to points 
which travel on the respective straight lines of the other system, 
the conchoidic motion results. If both circles have the same 
radius, we get the parallel cranks or the antiparallel cranks, de- 
pending upon the way the coupler moves. Certain coupler 
curves have portions which approximate straight lines. These 
create the so-called approximate “straight-line motions” (not 
parallel motions as they are wrongly called in England). These 
have been investigated by very many scientists, and various forms 
were found by James Watt, O. Evans (England), P. L. Tcheby- 
cheff (Russia), 8. Roberts (England). Systematic investigations 
not only of the straight-line motions but also of motions on other 
curves were carried out by R. Miiller (Germany) and by L. Allievi 
(Italy). The latter has dealt also with approximate circular 
motions. Other problems are created by the determination of 
velocities and accelerations, for which latter, several methods 
exist, the simplest and most general ones being those by O. Mohr, 
R. Land, and W. Hartmann (all of Germany). 


III—Severat Systems 


The relative motions of several coplanar systems form the basis 
for a general theory of plane kinematic chains. The fundamental 
relation for the motion of three systems S;, S:, S; is that the three 
rotopoles Pi, P23, Pi; for the relative motion of any two of these 
systems lie in a straight line, the ‘‘pole line,” and that the alge- 
braic sum of the angular velocities about these three rotopoles is 
zero. This relation follows from the composition of rotations, 
as discussed quite generally by Sir William R. Hamilton (14). 
The clear and concise formulation just given is due to S. Aronhold 
(15), and this theorem should, therefore, bear his name. How- 
ever, it was later discovered independently by Prof. A. B. W. 
Kennedy and is now generally known by his name in the English 
speaking countries, although he has acknowledged the priority of 
S. Aronhold (16). 

Interesting relations exist between the velocities of any three 
superposed points in the three systems. If the velocities of any 
two points in two systems, due to the rotation of either system 
about its common rotopole, be plotted in their true positions, or in 
the turned positions, two equal velocities of opposite senses are ob- 
tained. Thus, for all three rotopoles, six velocities result which 
determine a hexagon. This can be constructed if the three roto- 
poles and one velocity are known. Another interesting relation 
concerns the accelerations of three systems. This is the well-known 
law of Coriolis. A great number of proofs for this simple law have 
been given and are still advanced, many of them without the 
knowledge of those already published. Most of these proofs make 
this law appear far more complicated than it actually is. Proofs 
can be given in very simple form. It is here not possible to 
mention even the many authors who have published proofs. If 
the Coriolis accelerations are found for all three systems, they, 
too, like the velocities, follow certain simple relations involving 
linear constructions (17). 

When more than three coplanar systems perform relative mo- 
tions with respect to one another, the Aronhold-Kennedy relation 
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of the three poles holds for any three of these systems. Thus, 
several sets of three rotopoles on pole lines result. The entire 
set of rotopoles thus obtained and of the straight lines on which 
any three of them lie (pole lines) form, what is called, a “pole 
configuration,” the general laws of which were first investigated 
systematically by L. Burmester, although for certain simple 
cases such investigations had been carried out previously. Other 
investigations of the pole configurations are due to E. Philipps 
and to G. Jung. 

As a direct result of investigations of this nature, there follows 
the twofold generation of the cyclic curves which, in the English 
speaking countries, are usually called “trochoids,” and on the 
continent “‘cycloids.” The latter name, for which Reuleaux has 
put up a stiff fight, seems preferable as they originate from the 
rolling of circles. Because of the twofold generation of these 
curves, difficulties arise in regard to their terminology, no matter 
whether they are called “trochoids” or ‘“‘cycloids” (in their re- 
spective form as “epi,” “hypo,” “ortho,” ete.). 

Whether a pole configuration is uniquely defined by a certain 
number of its poles has been investigated by L. Burmester, but 
his methods were not general enough to give a definite answer. By 
a different method, C. Rodenberg determined the most general 
conditions for the number of rotopoles and pole lines. 

Many other interesting facts about relative motions of several 
systems have been studied, but cannot be mentioned here because 
of lack of space. 


IV—Kinematic AND MECHANISMS 


(A) Definitions and General Explanations. The entire theory 
of the formation of kinematic chains, their types, and laws will 
be discussed, at a later date, in a separate paper which will 
deal with the theory of ‘“Machinal Devices.” Here, it may suf- 
fice to state that, regarded phoronomically, kinematic chains 
are combinations of systems which are in contact with one an- 
other with certain parts. These parts are called “elements” and 
the combination of any two in contact an “element pair.”” The 
systems themselves are called “links” and the combination of all 
links a “kinematic chain.” Links are called singular, binary, 
ternary, quaternary, etc., according to whether they contain one, 
two, three, four, etc., elements. A chain is called “‘closed’’ when 
each link is connected to, at least, two other links, otherwise it 
is called “open.” In an open chain, there exist singular links 
(which have but a single element). Ifa chain has n links, namely, 


m, singular links, n; binary links, n; ternary links, etc., then 


nm = X(n,), and the sum of all elements of this chain is e = Zim). 


A chain in which all links move in parallel planes is called a 
“plane chain,” otherwise it is a “space chain.” A chain is 
“constrained movable” when the paths of the pojnts of any of its 
links relative to any other link are definite curves. If one link of 
a kinematic chain is fixed relatively to the surrounding space, a 
“mechanism” results. In general, there can be formed n mecha- 
nisms from a kinematic chain of nlinks. A mechanism, one link 
of which sets all others in motion, is called a “drive.” Since there 
are (n— 1) free links in the mechanism, (n — 1) drives may re- 
sult from it and, consequently, n(n — 1) drives from one kine- 
matic chain of n links. 

A machine, finally, is a drive, in which one of the (n — 2) re- 
maining free links performs useful work. Hence, n(n — 1) 
(n — 2) types of machines result from one kinematic chain of n 
inks, This relationship is the reason for the many types of ma- 
chines that exist or may exist. Mechanisms, drives, and ma- 
chines are, therefore, special cases of kinematic chains, as was 
first shown by Reuleaux. Hence in general, it is only necessary 
to investigate the various types of kinematic chains in order to be 
able to deal with any kind of machine type. 
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The constrained movability of closed kinematic chains de- 
pends upon the types of their element pairs. Reuleaux distin- 
guished “lower” and “higher pairs,”’ according to whether the 
pairs have surface contact or only point or line contact. Lower 
pairs, or “wrapping pairs,”’ can be subjected to “inversion” with- 
out change in their relative motions. Higher pairs, or “envelope 
pairs,” when inverted, have different relative motions. 

According to the element pairs they contain, kinematic chains 
may be subdivided into “lower element-pair chains” and “higher 
element-pair chains.’’ The former contain only lower pairs, the 
latter, in addition, also higher pairs. 

To find the conditions under which an element pair remains 
closed in its region of motion is the problem of the theory of re- 
straint. This restraint has been investigated by Reuleaux for 
plane motion, by Reuleaux, by Beck, and by Grashof, although 
incompletely, for space motion. P. Somoff’s studies of space re- 
straint are quite general. 


(B) Criteria of Constrained Movability. The problem of the 
constrained movability of kinematic chains belongs, to a great 
extent, already to the field of kinematic synthesis, particularly 
to that branch of it which is now called ‘‘number synthesis”’ (18). 
The latter teaches how a kinematic chain, having given elements, 
must be composed in order to be constrained movable. It also 
teaches how to find the total number of chains possible having a 
given number of links, and this is decidedly a problem of kine- 
matic synthesis. Such problems have been investigated by Rit- 
tershaus (19) and Griibler (20). For plane chains, Griibler was 
the first to set up a criterion of constrained movability which is 


%—3n+4=0 


where j is the number of hinged joints and n the number of links. 
The constrained movability, therefore, does not depend upon the 
size, nor upon the position of the links, but solely on their number 
and on the number and type of the joints. According to the type 
of the latter, auxiliary relations have to be observed, but it is 
not possible in this paper to go into details. When crossed links 
occur in a plane kinematic chain having both turning pairs and 
shding pairs, conditions become more involved. A suitable cri- 
terion for the ‘‘degree of movability” has been derived by F. 
Wittenbauer and K. Kriso (21). 

Kinematic chains in space were first dealt with very incom- 
pletely by Reuleaux. The treatment of simple space chains was 
attempted by T. Rittershaus with respect to their constrained 
movability. Grashof has investigated space chains further. A 
systematic treatment of space chains, comprising links of dif- 
ferent degrees of freedom, by means of screw pairs as the most 
general lower pair is due to E. Delassus (22). Hochmann (23) 
gives as the criterion of constrained movable screw chains in 
space the relation 


5s —6n +7 =0 


where s is the number of screw pairs and n the number of links. 
Later investigations by M. Griibler and R. Miiller come to the 
same result. A general investigation of space chains and their 
movability was given by R. Kraus (24). 


(C) Compound Chains. Simple elementary chains have been 
properly classified by Reuleaux and treated quite generally by 
him. The four-link chain has already been dealt with here. 
However, many other kinds of chains are possible. All of these 
are compound chains. They may be classified according to the 
number of links, type of links, type of joints, etc. Investigations 
of this nature are due to Griibler (25). A different way of creating 
chains has to be credited to W. Lynen (26). These chains are 
called ‘“‘multicrank chains,”’ because they have a number of cranks 
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through which motions can be introduced. According to the 
number of links through which such motions are introduced, 
they are called single, double, triple, . . . , n-fold crank chains. 
The laws of their formation and motion as well as of their reduc- 
tion to single-drive crank chains cannot be discussed here. 

A further type of chain exists, in which the number of links 
suddenly changes during the motion. These chains have links 
which come into coincident positions with other links during the 
motion so that they no longer determine the motions of the re- 
mainder of the links. 

An interesting type of chain, based on considerations of ‘“‘num- 
ber synthesis,”’ has been dealt with by K. Kutzbach (27) who has 
called them ‘Verzweigungsgetriebe’’ which may be translated 
best by “distribution chains,” for they are really differential or 
equalizer chains which distribute an effort on to several branches. 
Their theory might be called the ‘theory of branching.” As 
Kutzbach has shown, they can assume numerous forms. They, 
too, can only be touched upon here. 


(D) Excessively Closed Chains. There exists another type of 
kinematic chain which, while constrained movable, does not 
satisfy the criteria of constraint, previously given, in that they 
have more links than are required for constrained movability. 
Since these chains have an excess of links, they are called “ex- 
cessively (or redundantly) closed chains.”” An example of such 
chains has already been cited here in Hartmann’s locomotive- 
tender couplings. These chains have been investigated by Peau- 
cellier, L. Lipkin, J. J. Sylvester, H. Hart, 8. Roberts, and many 
others, but their systematic treatment is due to G. Darboux (28), 
who was followed by M. Krause, K. Bleicher, and others. 

If a kinematic chain has more links than are necessary for its 
constrained movability, it is, in general, immovable or rigid. 
When, however, the functional determinant of the equations for 
the rigidity of its links vanishes, it becomes movable, and this 
occurs when certain conditions for the dimensions of the links 
are fulfilled. Yet, the difficulties of arriving at the equations are, 
generally, so great that this criterion cannot be considered. In- 
stead of starting from a rigid framework, it is preferable, there- 
fore, to investigate the motions of points of the links to find out 
if the distances between some of them remain constant during the 
motion, in which case they may be connected by rigid links with- 
out affecting the movability. In general, this depends upon cer- 
tain invariant relations which must exist to permit these points 
of being coupled by one or more redundant links. There are 
several such relationships. 

To begin with, there is the relationship of “similarity” of 
motion which finds its expression in the well-known pantograph 
(O. Scheiner, 1631) and the plagiograph, or skew-pantograph 
(Sylvester). ‘Inversion’ is another such relationship. It cor- 
relates two points A and B to a fixed point O so that OA -OB = 
aconstant. The first mechanical generation of curves satisfying 
this relation is due to Peaucellier (1864) (29). It did not be- 
come generally known, however, and was later rediscovered 
(1871) by L. Lipkin, one of Tchebicheff’s students. Other such 
devices are due to H. Hart and J. J. Sylvester. These devices can 
generate true circles, but may also be used to generate a circle of 
infinitely large radius, i.e., a straight line. Thus, Peaucellier 
was the first who, by mechanical means, could describe a true 
straight line by the use of his so-called ‘“‘Peaucellier cell.’ 

The question what other curves might be described by ex- 
cessively closed kinematic chains was systematically investigated 
by J. J. Sylvester, A. B. Kempe, and H. Hart. Others have pro- 
duced kinematic chains for special individual curves. Further 
excessively closed chains have been produced for the extraction of 
square roots (Sylvester, improved by W. Johnson), for the solu- 
tion of cubic equations (St. Loup), for the evaluation of elliptic 
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integrals (A. Emch), and for the representation of 2” for rational 
values of m (F. T. Freeland). 

Several other types of plane compound chains have been in- 
vestigated by Kempe. 


(EF) Velocities and Accelerations of Kinematic Chains. For 
the elementary kinematic chains, velocities and accelerations 
can readily be constructed by any one of several methods. As 
previously stated, such methods, particularly for the accelera- 
tions, are due to O. Mohr, R. Land, W. Hartmann, and a number of 
others. Since the practical application of compound chains does 
not depend only upon the type of the motion, that is, on the point 
paths produced, but also upon the velocities and accelerations of 
the points selected to bring about the desired effect, it is neces- 
sary to have simple methods for their determination. In com- 
pound chains, this is not as easy as it looks. Frequently, velocity 
and acceleration “polygons” will produce the desired result, but 
not always directly. In such cases, similar or projective point 
ranges have to be used together with a process of interpolation 
(30). Such methods have been developed by L. Burmester (1911), 
M. Griibler (1917), Th. Poeschl (1923), and F. Wittenbauer 
(1923). Recently, however, Prof. N. Rosenauer (31) of Riga has 
made known a method which is direct and obtains the velocities 
without interpolations. He also gave a method for obtaining 
the accelerations of complex chains. By his constructions, he out- 
classed completely those by Burmester, Griibler, Poeschl, and 
Wittenbauer. 


(F) Other Kinds of Kinematic Chains. Reuleaux has classified 
the elementary mechanisms into screw trains, crank trains or 
linkages, wheel trains, cam trains, belt trains, and block trains 
(18). The corresponding chains bear similar names, i.e., screw 
chains, crank chains, ete. So far, only link chains have been con- 
sidered, i.e., systems joined by turning pairs (or sliding pairs). 
Reference has been made also to the substitution, for turning 
pairs, of screw pairs as the most general type of lower pairs. 
When the screw pairs are coaxial, the elementary type of screw 
chains is obtained, when they are not coaxial, space chains may 
result. The coaxial screw trains have been dealt with in great de- 
tail by Reuleaux. These chains are lower pair chains. All the 
chains to be discussed next are higher pair chains. 

Wheel trains consist of at least two curves which roll upon one 
another and enforce this rolling by supplementary higher element 
pairs. The plane systems of the rolling curves turn about fixed 
points, or axes, in the fixed system. Kinematically, their treat- 
ment is very simple, provided they are correctly formed geo- 
metrically. The greater part of the treatment usually found in 
textbooks on kinematics deals with the derivation of the correct 
geometrical form of toothed gears, as wheels with auxiliary higher 
elements, the so-called gear teeth, are usually called. The trans- 
mission ratios of gear trains are commonly derived analytically, 
but they can easily be obtained graphically by means of ‘‘angular- 
velocity diagrams,’”’ which are particularly useful for compound 
gear trains (epi- or hypocyclic gear trains). When the auxiliary 
higher elements of the gear wheels, the teeth, become infinitely 
small, friction wheels result. The laws of motion of friction- 
wheel trains are, consequently, identical with those of gear-wheel 
trains. 

Cam trains consist usually of a rotating or oscillating system 
with higher element which is paired with the higher element of an 
oscillating or reciprocating body or system. Both systems rotate 
or reciprocate and rotate relatively to the fixed system. Accord- 
ing to whether one element rotates continuously or whether both 
oscillate, one speaks of cam trains or of cam-lever trains. Their 
motion can always be reduced to that of an equivalent link chain 
by using the radii of curvature. Consequently, their laws of mo- 


bE JONGE—A BRIEF ACCOUNT OF MODERN KINEMATICS 


tion are obtainable from those of the respective equivalent link 
chains. 

Belt trains are the simplest trains and scarcely require further 
explanation. Their laws of motion depend purely upon their 
geometrical layout and are thus easily derived. 

In some of these types of chains, one system, or link, may be 
replaced by a fluid. This may occur especially in serew chains 
and wheel chains as Reuleaux has shown. 

The largest class, and perhaps the most difficult one from the 
point of view of determining their precise motions, is the class of 
intermittent mechanisms or, as the author has called them, inter- 
mittors, block trains, or blockages (18). This is due to the fact 
that, for their functioning, they require the application of forces 
(springs, gases, gravity). Consequently, their motions depend not 
only upon the geometrical form of their elements, but also on these 
auxiliary elements. The kinds of blockages that Reuleaux has 
distinguished have been given suitable names by the author in his 
previous paper mentioned (18). 

It may appear from the foregoing as if the author has put too 
great a stress on link chains and too little on the other five types 
of elementary chains. Since, however, with the exception of 
screw chains, all other types may be reduced, for the treatment 
of their motion, to linkages for the instant under consideration, it 
follows that their motions, that is, velocities and accelerations, 
can always be obtained by the methods outlined for link chains. 
This fact cannot be emphasized too strongly, because the error 
is made time and again to consider each of these four types of 
chains by separate methods while, in fact, this is unnecessary. 
Thus, a unified method of dealing with these different kinds of 
chains is obtained and thereby a great simplification in their 
treatment. 

This concludes the brief review of plane kinematic chains. 

V—KINematic SYNTHESIS 

The most interesting, but least known branch of kinematics 
is kinematic synthesis. A brief account of its historical develop- 
ment has been given by the author in a previous paper (1). 

The purpose of kinematic synthesis is to determine motions 
which fulfill given conditions and to obtain the machinal devices, 
or mechanisms, which realize these motions. Thus, the methods 
of kinematic synthesis are of particular value to the practical 
designer whose duty it is to solve just such types of problems. 

As stated, there exist three different branches of kinematic 
synthesis. The first is called “type synthesis” and was developed 
by F. Reuleaux. It teaches how to obtain suitable machinal de- 
vices for a given purpose by purely mechanismal considerations. 
Few, however, have understood the real significance of this 
branch, and have put it to use intelligently. How such type syn- 
thesis can be carried out has been shown by the author for a 
particular case (18). In recent times (1930), R. Franke has 
tried, with some measure of success, to extend type synthesis 
also to electrical apparatus and electric circuits (32). 

The second branch is the numerical kinematic synthesis, or 
briefly “number synthesis,” discussed previously, which teaches 
how to obtain all kinematic chains of a given number of links, or 
the number of links in a chain, necessary for a given purpose. It 
also teaches how to find the numerical relations which exist be- 
tween the number of links and the number of joints, sliders, 
etc. This branch was mainly developed by M. Griibler. (25). 
That part of R. Franke’s investigations, which makes use of the 
theory of combinations for obtaining all possible electrical cir- 
cuits for a given purpose belongs also to this branch. 

The third branch, finally, which teaches how to find the di- 
mensions of the links of a linkage satisfying given conditions, 
that is, the branch which deals with quantitative kinematic 
synthesis, is called “size synthesis.”’ 
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The early work on quantitative kinematic synthesis, published 
during the last quarter of the nineteenth century, dealt primarily 
with the generation of given curves by mechanisms, especially of 
approximate and accurate straight-line motions. A. B. Kempe 
proved that every algebraic curve can be generated by hinged 
linkages, and he showed how these linkages may be obtained. 
Into this category of investigations belong also those by L. Bur- 
mester on the relations between several positions of a system in 
coplanar motion, the aim of which was also the creation of ap- 
proximate straight-line motions. These latter investigations 
have now become the basis of modern “‘size synthesis.” 

After this field had remained dormant for nearly two decades, 
as was shown by the author in a previous paper (1), it was 
brought to life again mainly by M. Griibler (25), who not only 
formulated a series of new problems, but also gave simple geo- 
metrical solutions for them. It was he who expressed the aims 
of kinematic synthesis with great clarity and who drew attention 
to the foregoing investigations by Burmester on the co-ordina- 
tion of two or more different positions of two links which are to 
form a constrained movable kinematic chain, thus pointing the 
way for further development and indicating, at the same time, 
the method by which it could be accomplished. Investigations 
into this subject were taken up immediately by H. Alt who, fol- 
lowed later by R. Beyer, advanced this branch of kinematics 
considerably and coined for it the name ‘“‘Masssynthese” which 
has here been rendered as “size synthesis.’”’"* The problems with 
which it deals are, in part, the following: 


1 To generate given curves as accurately as possible by link- 
ages, preferably with the least number of links; 

2 Toreplace, by circles or conic sections, curves generated by 
linkages, the circles or conic sections hugging the curve in the 
region under consideration as closely as possible; 

3 To select points on a link, for example on the coupler (con- 
necting rod) of a linkage, so that the coupler curve described can 
be replaced, with sufficient accuracy, by straight lines, circular 
ares, or ares of conic sections; 

4 To force, by a suitable linkage, a link to assume successively 
two, three, or more specified positions; 

5 To force, by a linkage, two or more links to assume succes- 
sively a number of given co-ordinated positions or, what amounts 
to the same thing, to select points on two or more links so that, 
when they are connected by rigid links, they will assume suc- 
cessively the given co-ordinated positions; 

6 To design a four-link chain so that the velocity (or accelera- 
tion) of the end point of the lever bears a certain given ratio to the 
velocity (or acceleration) of the crank; 

7 To arrange that one or more links come temporarily to rest 
at specified points of the motion cycle; 
and various others. 

Problems such as these require a kind of solution which differs 
from that used in ordinary kinematic problems. All problems 
discussed heretofore were concerned with continuous motion, no 
matter whether at a given instant or for a definite period of time. 
According to the problems outlined, kinematic synthesis deals 
mainly with certain finite positions of the moving system and 
does not take into consideration the intermediate course of the 
motion. The problems are solved when the systems, in their mo- 
tions, take up the given positions, or when points of the system 
describe paths which pass through the given points, etc. The 
fundamental problems of this branch of kinematic synthesis, 
therefore, must deal with finite motions which will bring the sys- 
tem from one position to the next. Consequently, they are not 
concerned with infinitely small motions. It is necessary to state 


‘ The literature on subjects of kinematic synthesis is widely scat- 
tered and, consequently, cannot be given here in detail. 
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this clearly, because some of the laws of finite motions are not the 
same in every respect as those of infinitely small motions. 
To give a simple example, assume, in Fig. 4, a system to be given 


Fic. 4 ImportTaNcE oF SEQUENCE OF ROTATIONS IN CASE OF FINITE 
Motions 


by the position of two of its points A, B, that is, by the straight 
line AB. Let this system be subjected to two rotations, one 
about A through an angle a, and one about B through an angle 8, 
both rotations taking place in the same sense, say clockwise. If 
the rotations were infinitely small, the sequence of the rotations 
would make no difference to the resulting rotation. This is not 
the case, however, when the rotations are of finite magnitude. 
For if AB first turns about A through a, it comes into the position 
AB,, and if it then turns about B, through 8, it comes into the 
position A,#,. The resulting position A,B, could also be reached 
by a rotation through an angle a + 8 about P,, this point being 
the intersection of the bisectrices of the two angles a and 8. On 
the other hand, if the system AB first turns about B througlf 8, 
it comes into the position A,B, and if it then turns about A, 
through a, it comes into the position A,B,. The resulting posi- 
tion Az, could also be reached by a rotation through an angle 
a + Babout P, this point being the intersection of the bisectrices 
of the angles B,A,B and A:BA. The two positions A,B, and 
A,B:, while parallel, are not coincident, and the two rotopoles P; 
and P; lie symmetrical to the original position of AB, as can be 
proved easily. The question of symmetrical positions of roto- 
poles plays an important part in all investigations of finite mo- 
tions. 

As has been stated, the methods which have to be used in 
quantitative kinematic synthesis (size synthesis) differ consider- 
ably from those of ordinary kinematic problems (kinematic 
analysis) in that, usually, a direct solution is not possible, or, in- 
volves, at least, constructions of an order higher than the second. 
Recourse must, therefore, be taken to geometrical loci which rep- 
resent the geometrical conditions to which the system is to be 
subjected. Keeping this in mind, it will be easy to understand 
the nature of quantitative kinematic synthesis. 

Let us assume, for example, that the plane of the coupler of a 
hinged four-bar linkage is to pass through a number of given posi- 
tions. From Burmester’s investigations, it follows immediately 
that no more than five positions can be specified beforehand (33). 
For these five positions, there exist four groups of five homologous 
points, each group being located on a circle. The centers of these 
four circles are called ‘Burmester points,” and of these all four 
may be real, two real and two imaginary, or all four imaginary. 
In the first case, six different four-bar linkages result, according 
to the number of possible combinations; in the second case, but 
one four-bar linkage exists; and in the third, no solution is pos- 
sible for the positions chosen. 


1 Two Positions. To explain this a little more in detail, let 
first two positions S; and S, be given for the system S forming the 
coupler, which this link has to take up during the motion. There 
exist an infinite number of hinged four-bar linkages that will 
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bring it, as their coupler, into the two given positions. In fact, 
this can even be done by a simple rotation of the link about a 
“rotopole” which is obtained by the two mid-perpendiculars to 
the chords defined by the original and final positions of the two 
endpoints of the link. 


2 Three Positions. If three positions are given next, which the 
link AB is to assume during its motion, it is clear that rotations 
about three such rotopoles, which are defined, in the same man- 
ner as just given, by the three positions A,B,, A,B: and A;By, 
will move the link into these three positions and return it finally 
into the starting position A,B, The three rotopoles Piz, 
P; form a “pole triangle’ which has some remarkable properties. 
In the first place, the angles of rotation of the system about 
these three rotopoles are twice as large as the corresponding 
angles of the pole triangle. In the second place, any rotopole, 
for example P.;, if referred to the original position S,; of the 
moving system S, takes up a position P}3, which is symmetrical 
to P2; with respect to the line P;,P;s3.. Such “symmetrical poles” are 
of importance if more than three positions have to be considered. 

Next, any third point C of the moving system will take up 
three definite positions in the three given positions of the system, 
and through these three positions C;, C:, C3, which are called 
“homologous points,” a circle can always be passed, the center 
of which can be found easily. Furthermore, the mid-perpendicu- 
lars of the chords defined by the three positions of A, for example, 
meet in a point A,, and those defined by the three positions of B 
meet in a similar point B,. The circles about these centers A, 
and B, with AA, and BBR, as radii pass through the three given 
homologous positions of A and B (A, Az, As and Bi, Bs, Bs re- 
spectively). Consequently, the passage of the system through 
the three given positions can be enforced by a single hinged four- 
bar linkage A-A,B,B.. Through every other three homologous 
points, there pass also circles, and all the centers of these circles 
form what is called the ‘“‘centersystem.’’ The circles, by which A; 
comes into the positions Az and A; by rotations about Py», and 
Py respectively, intersect in a further point A which can be ob- 
tained also as the symmetrical point to A; with respect to Py2.P\;. 
Thus if A; and the pole triangle Pi:Pi;P2 are given, the position 
of A; can be obtained by first constructing the symmetrical point 
A to A; with respect to P,P}; and then by constructing the sym- 
metrical point A; to A with respect to P,,:P.;, and similarly the 
symmetrical point A; to A with respect to P,P 4. 

The points P12, Pi:, P23 belong to the center system and are 
called its ‘principal points,’’ and the three pole lines determined 
by them the “principal lines’ of the center system. Likewise, 
the points Piz, Ps, P}3 which belong to the system S in its first 
position S; are called the “principal points” of this system S,, 
and the three pole lines determined by them the “principal 
lines’’ of system S;. 

Taking the symmetrical poles into consideration, it can be 
proved easily that the pole lines (principal lines) of the center sys- 
tem touch a conic section, the foci of which are A, and A for the 
circle passing through the homologous points A;, A:, As. For any 
other such circle the same condition prevails, but the conic sec- 
tion is different. 

It can be proved further that the corresponding pairs of points 
of position S,; of system S and of the center system appear under 
equal angles when viewed from Pi, P13, and P33 or Ps, or under 
angles which together are equal to two right angles. This rela- 
tionship is of the greatest importance. It can also be shown that 
to the point Py: of the system S;, there correspond all points of 
Pi;P25 in the center system, similarly, to P,; of system S; all 
points of P,,P2; in the center system, and to P}3 of system S; 
all points of P;,P;; in the center system. Consequently, the two 
systems are in a mutual relationship to one another which, upon 
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investigation by means of projective geometry, is found to be a 
quadratic transformation in which Py, and of system 
S; and P 2, P13, and of the center system are, respectively, the 
co-ordinated principal points. If the three positions S;, S2, S3 
of system S become infinitely near, this quadratic transformation 
passes into the quadratic transformation between the centers of 
curvature in the fixed and moving systems, which was discussed 
in Section I (B) of this paper. 


3 Four Finite Positions. The next step is the investigation of 
four finite positions S,, S:, S;, S, of a system S or, as it may be 
expressed more simply, of four identical systems in different posi- 
tions. It is obvious that, in general, four homologous points of 
these systems do not lie upon a circle. For, if a circle be passed 
through three of the homologous points, the fourth will lie more 
or less closely to the circle, depending upon the position of the 
point selected. It follows therefrom that there must exist points 
in system S, which, with their homologous points in the other 
three systems, lie on a circle. All such points of system S; lie 
on a certain curve which Burmester has called ‘Kreispunkt- 
kurve,” that is, “circle-point curve,” and it is convenient to call 
it by this name. It follows immediately that there must exist 
in each of the four identical systems S,, S2, S;, S, such a circle- 
point curve, and that those for systems S2, S;, S, must be identi- 
cal with that of system S;, or as it is usually expressed, the four 
circle-point curves for systems S;, S:, S;, S, are congruent. Since 
to each point in system S, there belongs one and only one center, 
these centers form a system of centers or, as it is called simply, a 
“center system.’’ Consequently, there belongs to each point in 
system S, a certain point in the center system, and the same 
holds for all points of the other three systems. Conversely, to 
any point in the center system belongs a certain point in system 
S; and similarly in the other three systems. Between the center 
system and the other four systems there exist, therefore, quad- 
ratic relationships (or transformations). In particular, to the 
points of the circle-point curves in the four systems belong certain 
points in the center system, which lie on a curve that was called 
by Burmester ‘‘Mittelpunktkurve” or ‘center curve.” To each 
point of the center curve there belong, therefore, four homologous 
points on the four circle-point curves of systems S;, S2, S;, S,, 
but so that these four homologous points lie on a circle. 

These two curves, the circle-point curve and the center curve, 
play important roles in kinematic synthesis. Both curves are 
of the third order, that is, they are cubics, and since they pass 
through the imaginary circular points at infinity, they are ‘cir- 
cular cubics,” and in particular “focal curves,” which can easily 
be constructed as such. 

If the four positions of system S are not at a finite distance 
from each other, but are infinitely near to each other, these two 
curves pass into the cubics of stationary curvature discussed 
hereinbefore, and the quadratic relationship between the points 
of the moving system and those of the center system becomes the 
quadratic transformation of the points of curvature. 

There exist further important relationships between the four 
systems S,, S:, S;, Sy. Since four congruent plane systems, in 
general, have six rotopoles F13, P2s, Pas, Pu, the respective 
rotations about which bring each system into the position of any 
of the others, the question arises how many of these rotopoles 
may be chosen at random so that by their choice the positions of 
the four systems S,, S:, S:, S, are definitely fixed. It will be 
found that only four of these rotopoles can be chosen arbitrarily, 
that the fifth must lie on a certain straight line on which it may 
be chosen at random, and that the sixth rotopole is then defi- 
nitely determined. Ifthe rotopoles P13, Ps, Pos, Pos are connected 
80 that the rotopoles with no equal ciphers in their index form 
opposite angles of a quadrangle, and if such pairs Py, Px» and 
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Py, P23 are called ‘“‘contrapoles,” it may be shown that the pairs 
of lines which pass through each of the other two contrapoles 
P2, Ps and pass also through the end points of opposite sides of 
the pole quadrangle, make angles that are equal. Thus, if the 
pairs of contrapoles P,;, Px and P23, Pi are given, the other two 
contrapoles P}:, P3, must lie on a curve which is the geometrical 
locus of all points from which the opposite sides of the contrapole 
quadrangle appear under equal angles or under angles that are 
supplementary to each other, that is, form together two right 
angles. The curve on which the third pair of contrapoles lies 
has been called by Burmester ‘“Pollagenkurve,” that is, ‘‘pole- 
location curve.” By using the foregoing property, the pole- 
location curve may be constructed easily. It is also a “circular 
cubic,” in fact, it is identical with the center curve.® 

Two further curves are of importance in quantitative kine- 
matic synthesis, namely, the so-called R curves which have been 
introduced by H. Alt (34), and must be mentioned here. These 
are curves of those points of system S, which, together with their 
three homologous points in the other three systems S2, S;, S,, 
lie on circles of a given radius. There exist again two curves, the 
R, curve in system S,, which is identical with those in systems 
Se, S3, S,, and the R. curve which lies in the center system. Alt 
has shown also, that in the case of three systems, the R. curve is a 
tricircular curve of the sixth order. There exist still further 
curves which are of importance as geometrical loci when a sys- 
tem, during the cycle of its motion, shall come to rest for a certain 
length of time, but these can only be mentioned here. 

These are the elements of which quantitative kinematic syn- 
thesis, or size synthesis, makes extensive use. The idea in size 
synthesis, as will have become clear, then, is to find geometrical 
loci for points in the given system, which fulfill the given condi- 
tions. How this principle works will become clear from the fol- 
lowing section. 


4 Five Finite Positions. In the case of five given positions 
of system S, or of five identical systems S,, S:2, Ss, S,, Ss, the total 
number of rotopoles is ten. The relations of these ten poles to 
one another are already so complex that it is unlikely a direct 
solution ever will be found. An indirect solution of the problem 


is quite simple, however. For it is only necessary to consider 
first the four systems S,, S2, S;, S, and to determine for them the 
center curve, and then to consider the four systems S,, S2, S3, 
S; and to determine their center curve. Both center curves are 
cubics, and, therefore, they intersect one another in nine points. 
Since in the determination of both the same three systems S,, 
S2, S; were used, the rotopoles P;2, Piz, P23 must lie on both curves; 
i.e., the curves meet in these points. In addition, they have the 
two imaginary circular points at infinity in common, hence, the 
two center curves must intersect one another still in four points. 
These four points are the four “Burmester points” which were 
previously mentioned. They may either be all real, two real and 
two imaginary, or all four imaginary. Hence, in five given sys- 
tems, there exist four groups of homologous points which lie on the 
four circles, the centers of which are the four Burmester points. 
Since five systems S,, S:, S;, S,, Ss may be combined in five dif- 
ferent ways to form groups of four, there exist five center curves, 
one of which belongs to each of the five systems, and these five 
center curves intersect one another in the four Burmester 
points. To each of these five center curves, there corresponds, in 
each system, a circle-point curve so that there exist also five such 
circle-point curves. Thus, numerous checks are possible. 

While Burmester had utilized these curves only for the con- 
struction of approximate straight-line motions, Alt has used 
them for numerous other problems (34), some of which were indi- 


5 Most of the foregoing results are due to L. Burmester, see refer- 
ence (33). 
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cated hereinbefore. The range of problems that can be solved 
by means of these various curves and others which could not be 
explained here is steadily extending. 


5 Other Advances in Size Synthesis. In projective geometry, 
many new relations can be obtained from known results by the 
application of the “principle of duality,”’ which co-ordinates to a 
given point a line, and to the line through two given points two 
lines which intersect in a point, ete. The well-known theorems 
of Paseal and Brianchon regarding conic sections are such that 
each can be obtained from the other by the principle of duality. 
Since the relations found by Burmester and Alt for the pole tri- 
angle and contrapole quadrangle, etc., for three and four posi- 
tions, referred to points, to the lines which pass through them, 
and to points referred to these lines, it appeared that further re- 
sults might be obtained by the use of the principle of duality. 
This idea has to be credited to R. Beyer (35), who, by replacing 
points (rotopoles) and principal lines by lines and points, ob- 
tained a considerable number of new theorems, thus advancing 
size synthesis considerably. By further investigating the proper- 
ties of the pole triangle in the case of three given positions of a 
system, he found that this system could be made to pass through 
these positions by the use of Cardano’s problem, that is, by the 
rolling of a circle inside a circle of twice the diameter. Thus 
numerous practical solutions become available to the designing 
engineer. As regards four given positions of the system, Beyer 
finds that the circles circumscribed to the four pole-triangles 
created by the six rotopoles, intersect in one and the same point, 
and that the straight lines corresponding to the “‘base line’’ pass 
through this point which lies on Burmester’s center curve. This 
fact suggests at once a simple way of passing the system through 
the four given positions by means of a double-crossed slider chain, 
and leads to the simple construction of mechanisms in which one 
line comes to rest for a certain length of time during the cycle of 


the motion. 


By considering three infinitely near positions, Beyer finds 
that the well-known properties of the inflection and cuspidal 
circles can be derived easily from the theory of three ‘finite posi- 
tions.”” The consideration of four infinitely near positions leads 
him to the discovery of the dual counterpart of “Ball’s point,” 
and this fact, again, can be utilized for the construction of a 
mechanism, in which one link remains at rest for some part of 
the motion cycle. 

The question of five and more given positions is approached 
by Beyer in an entirely new way. Instead of using, as Burmester 
did, homologous points which lie on a circle, he considers ho- 
mologous points which lie on an ellipse. Since an ellipse is deter- 
mined by five given points, it follows that, through five given 
homologous points, an ellipse can always be passed. In general, 
a sixth homologous point will not lie on the ellipse, but, following 
Burmester’s reasoning, the question may be asked if there do 
exist points in the system (position 1 of it, or system 1) which, to- 
gether with their five homologous points (systems 2, 3, 4, 5, 6), 
lie on an ellipse, and, furthermore, on what kind of curve these 
points in system 1 lie. Beyer shows that there exist such points 
and that they lie on a C; curve which, in general, is of the eighth 
order. He shows further that this C; curve passes through the 
five rotopoles P13, Pius, Pis, Pis and through the ten symmetri- 
cal poles P23, P24, P2s, Pie, P34, P3s, P36, Pas, Pte, 80 
that the curve can be drawn fairly accurately. However, no 
general geometrical construction of this C; curve has been given 
so far. For several special cases, Beyer has derived simple con- 
structions. 

The value of these investigations lies in the fact that the ellipse 
can easily be produced by mechanical means, and Beyer shows 
by several examples how this can be accomplished. In some 
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cases, the degree of movability is limited to the length of the 
elliptic are as far as it follows the chosen crank circle closely. 
In such cases, oscillatory motions only can take place. How- 
ever, he shows further how a curve can be passed through six 
given points by means of an ellipse generated by an isosceles 
slider crank. 

Beyer gives also a brief indication of how seven positions may 
be handled. This can be done in a manner similar to that used 
by Burmester for five points, by determining two C, curves, one 
for the positions 1, 2, 3, 4, 5, 6 and the other for the positions 1, 2, 
3,4, 5, 7. The intersections of both C; curves, which do not coin- 
cide with the rotopoles common to both, are points of the system 
in position 1, which, together with their six homologous points, 
lie on a conic section. These points play, therefore, a role some- 
what similar to that played by the “Burmester points.” 

Naturally, it has not been possible to give here more than just 
an indication of the problems with which size synthesis deals, 
and of the methods used in solving these problems. The frag- 
mentary birds-eye view given will show, however, that this is 
virgin soil which, hitherto, has not been touched at all in the 
Snglish-speaking countries, and to make this clear was the pur- 
pose of this brief exposé. 


VI—Space KINeMatTIcs 


The foregoing account of the geometrical methods used in 
plane kinematics, probably, will have shown that this field, in 
spite of its great simplicity, is a very extended one and is still 
growing. Vastly greater, however, is the field of kinematics in 
three-dimensional space or, as it is called simply, of “space kine- 
matics.” No attempt will here be made to give even an idea of 
what this branch of kinematics comprises. Only a few remarks 
regarding the type of the methods used in this field will be given 
to show the present status of approach. 

Until about 15 years ago, the methods used for dealing with 
displacements, velocities, and accelerations in space were almost 
entirely analytical methods. While, in plane kinematics, the 
graphical methods had shown themselves to be greatly superior 
to analytical methods, because of their lucidity and general sim- 
plicity, only few attempts had been made up to that time to use 
graphical methods also in space kinematics. In this field, how- 
ever, the great advantage of the graphical methods over the 
analytical methods, namely, their simplicity, disappears to a large 
extent because of the fact that, in general, two or three views 
(projections) have to be used to obtain the desired results. This 
requires a great deal of drawing work and careful planning of the 
investigations if they shall not become so complex as to be use- 
less for practical purposes. For this reason, space kinematics 
has rather made use of analytical methods which are clearly out- 
side the province of the practical engineer. Although much use- 
ful work has been done by means of these analytical methods. 
particularly by the French kinematicians G. Koénigs, R. Bricard, 
and others, their work has hardly become known in engineering 
circles due to the use of these very methods, because these do not 
lend themselves readily for applications to practical problems. 

There exists however, a method, by which the geometric:! 
methods of plane kinematic geometry can be made use of in a 
simple manner. W. Hartmann (36), at the suggestion of this 
author, has used, for this purpose, the isometric projection, and 
has obtained in that way, together with the author, very inter- 
esting results. 

Essential progress was brought about by the introduction, 
into space kinematics, of new graphical methods which were 
first used in graphic statics in space, namely, the method by 
B. Mayor (37) and R. v. Mises (38), in which, to each vector in 
space, a vector in the plane is correlated so that the space vector 
may be said to be represented in all essential characteristics by 4 
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plane vector. By using this method, K. Federhofer (Vienna) 
started a graphical kinematics and graphical kinetostaties of the 
rigid spatial system (39). The problems dealt with by him may 
also be solved in a simple manner by the construction of the 
moment vector and of the scalar product of two vectors as given 
by R. Beyer (40), who used for this purpose methods of de- 
scriptive geometry. Another method that may be used is that 
by R. Mehmke (41), who, starting with the plan view and side 
elevation, obtains the various vector values by further simple 
projections and the drawing of parallels. 

As stated, all these methods have the common purpose of 
trying to obtain, with the minimum amount of drawing work, 
for a vector quantity in space, a representation in the plane, true 
as to magnitude and direction. In this, these methods have 
been successful but, nevertheless, they are, of necessity, much 
more complex than those of plane kinematic geometry. Al- 
though much has already been accomplished by these methods, 
still much more investigation work will have to be carried out 
before all the problems that, previously, have been solved by 
analytical methods can be solved with ease by these new graphi- 
cal methods. 

This is all that space permits the author to mention here about 
space kinematics. A review of the results accomplished so far 
in this field would necessitate a still more extended paper than 
the present one. 

By the present paper, the author hopes to have fulfilled his 
promise of giving the average engineer an idea what modern 
kinematics consists of and how its problems can be approached. 
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Discussion 


A. H. Canper.* Comments of the writer are based upon more 
than 20 years of experience in applying mathematics and kine- 
matics to the development of methods, machines, and tools for 
generating gear teeth. In this field, the geometrical relation- 
ships of moving surfaces and curves must be exactly known, and 
a high degree of dimensional accuracy is required. 

The author has performed a valuable service in providing a 
review of what is contained in a numerous list of references 
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most of which are little known in this country. This paper will 
undoubtedly rekindle the discussion previously started, and 
should lead to beneficial results. 

The principal points in the following comments are: 


1 That the geometrical relationship of centers of curvature 
referred to in the paper as the quadratic transformation should 
be credited to Prof. Robert Willis. 

2 That rolling curves, or polodes, should be considered in 
the same class with other curves which transmit motion by 
contact, and which generally both roll and slide. 

3 That an important addition to the theory and practice of 
gearing has been made by the application of methods of in- 
vestigation not described in the review of modern European 
kinematics given by the author. 


The great importance previously ascribed to the relationship 
referred to as the “quadratic transformation” especially excited 
the writer’s curiosity. Now that a description has been pro- 
vided, this relationship is recognized as one long known but 
merely obscured by an unfamiliar name. The writer agrees 
wholly with the author that this relationship of centers of 
curvature should be taught in every course of instruction in 
kinematics. 

The relationship of centers of curvature in gearing was first 
brought to the writer’s attention by his associate Mr. Ernest 
Wildhaber, who had derived it by using a method of infinitesimal 
displacements. Afterward, the writer arrived at the same result 
by applying the theorem of three centers, and also by the equiva- 
lence of triangular areas. Still later, the complete geometrical 
anticipation was discovered in the old classic on kinematics by 
Willis.?7 Willis’ Fig. 109 and test (reproduced herewith as Fig. 5) 
show the location of centers of curvature for gear profiles. He 
stated that the original suggestion came from Euler. 

In the author’s paper, a derivation is given with reference 
to his Fig. 2, which is based upon velocity vectors. No reason is 
indicated for introducing the concept of velocity into a relation- 
ship which can be shown most simply and directly by geometry. 

In addition to the complete geometrical anticipation by Willis, 
there is a similar diagram in Reuleaux’s work.® Centers of 
rotation of two gears and the construction to locate the centers 
of curvature of cycloidal gear teeth are shown. 

Another reference showing the same basic diagram is con- 
tained in an article by H. E. Merritt.® 

A fourth reference is to Stewart and Wildhaber.'® Fig. 4 
in this article shows the centers of curvature and the direction 
of motion of the point of contact in hypoid-gear teeth. 

From the manner in which the author has presented what is 
called the quadratic transformation, a reader is likely to suppose 
that it is a rather recent discovery. The reference that has been 
given to Willis, however, shows that it is more than a hundred 
years old. The author has been very meticulous, and rightly so, 
in crediting Aronhold with the theorem of three centers, although 
in English texts it has usually been named after Kennedy. He 
will undoubtedly give Willis due credit for being first to present 
the geometrical relationship of centers of curvature, unless an 
earlier showing by someone else is found. The writer hopes, how- 
ever, that instead of the mathematical term “quadratic trans- 


7 “Principles of Mechanism,”’ Robert Willis, second edition, Long- 
mans, Green & Company, London, 1870, pp. 129-132, and Fig. 109. 
The first edition was published in 1841. 

*“The Constructor,”’ Franz Reuleaux, translation from fourth 
enlarged German edition, by H. H. Suplee, Philadelphia, Pa., 1894, 
Fig. 577, p. 131. 

*“The Art of Gear Design—Part VIII,’’ by H. E. Merritt, The 
Engineer, vol. 162, Sept. 4, 1936, p. 222, Fig. 51. 

10 “‘Design, Production, and Application of the Hypoid Rear-Axle 
Gear,’”’ by A. L. Stewart and E. Wildhaber, Journal S.A.E., vol. 18, 
1926, p. 577, also American Machinist, vol. 64, 1926, p. 857. 
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formation,’’ one more natural to kinematics will ultimately be 
adopted; perhaps something like “curvature diagram.” 

A concept of curvature in the general theory of gearing, which 
has been very useful to the writer, is partially illustrated in Fig. 
6 of this discussion. This is for plane motion only and may be 
described further as follows: 

Motions of rotation, at a varying ratio as well as at a constant 
ratio, may be transmitted by the contact of tooth profiles which, 
in general, roll and slide against each other. 

The sliding component between the profiles decreases to zero 
when the point of contact is on the line of centers. 

Pitch curves which transmit the same motion as the profiles, 
but which roll only and are called polodes in the paper, are merely 
a special case of the general group and are characterized by 
having the point of contact remain on the line of centers. 

The relationship of centers of curvature can be shown geo- 
metrically by applying the theorem of three centers, for 
all pairs of curves giving the same instantaneous motion. 

The theorem of three centers is the basic tool, and the re- 
lationship of centers of curvature can be derived directly by it. 
The most general relationship is that of the relative curvatures, 
not only for the case of constant-velocity ratio, but also for a 
varying ratio. A problem which the writer has investigated is 
as follows: 

Given any pair of gear profiles which produce rotations at a 
varying velocity ratio; required a pair of pitch curves giving the 
same instantaneous motion. By applying the relationships 
under discussion, the point of contact of the pitch curves, their 
common normal, and their relative curvature are readily ob- 
tained. There is then an infinite number of pairs of pitch 
curves which satisfy the requirements of the problem. A particu- 
lar pair can be determined if additional information is stated 
in the original data, such as the length of the radius of curvature 
of one of the desired curves. The point of these remarks is that, 
in gearing, pitch curves and profile curves are treated by the 
same methods. 

The reference in the paper to “cardioidic motion” was inter- 
esting, because the writer has used and patented devices which 
utilize such motion in guiding a diamond to form curved outlines 
on a grinding wheel. The theorem of three centers provided 
the basis for adjusting the moving parts to obtain curvatures of 
the wanted amounts. 

The distinction between applied kinematics and kinematic 
synthesis is not very clear. The combining of known parts and 
mechanisms to obtain a required result appears to be described 
by both terms. 

In regard to the emphasis usually placed upon the analytical 
method, the writer was once accused of being unscientific for 
recommending the geometrical and kinematic solution for radius 
of curvature. This was by an*investigator who had received 
his basic education in Europe and is a thoroughly proficient 
mathematician. Perhaps it is more a matter of what subjects: 
an individual happens to have selected for study than of where 
his education was received. 

In generating bevel gears in which the teeth are oblique and 
curved, the problems encountered concern the relations of sur- 
faces; that is, they are problems of space kinematics. Plane 
sections and the equations of curves are usually entirely in- 
adequate for obtaining solutions. In some cases, spherical 
geometry has been used to advantage. The theorem of three 
centers and the “curvature diagram” have been applied on the 
spherical surface in the same way as in the plane. 

The methods which are of greatest use, however, are one based 
on infinitesimal displacements in space, and another based upon 
the curvatures and tangency of surfaces. These are due to 
Ernest Wildhaber who has been previously mentioned, and were 
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making any angle with the line of centers, and upon it assume /” 
asa center, from which the circular side is to be described for a 
tooth of a wheel whose center of motion is 4. To find the 
corresponding center for the wheel which turns upon B, draw 
TK perpendicular to PTQ, produce AP to meet it in &, join 
KB and produce it to meet PTO m @; then will @ be the 
required center, 

And a small are ma, struck from Pas a tooth for the wheel 
whose center of motion is A, will work correctly with an arc mp, 
struck from Q through m, and employed as a tooth to the wheel 
whose center of motion is 2, 

If B be so placed that the angle ABT’ is acute, as for example 
at J, then will @ fall at @ on the same side of Tas P, but 
beyond it; the effect of this is to make the tooth mp concave 
instead of convex. : 

But if the angle ABT=/?TA, KB will become parallel to 
PT, and the point @ being thus removed to an infinite distance, 
the are mp or woth of the wheel whose center of motion is J, 
Will be a right line perpendicular to PT. 

Bes The distance of the centers from 7 may be calculated as 
we, 

Draw AR perpendicular to PT. 

Let AT=C, AT=R, PT=D, ATP=6, then by similar 
triangles, ARP, PTK, 

PT «AR PT «AR 
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employed by him in solving the problem of gears with offset 
axes. 

The attempts contained in textbooks and published articles 
known to the writer, to describe tooth surfaces for gears with 
axes not in one plane, other than worm gears, have all been 
incomplete and largely incorrect. They were limited to sur- 
faces containing straight-line elements, and failed even to suggest 
that curved teeth are possible. 

At the Gleason Works, beginning about 1925, Mr. Wildhaber 
has solved the whole problem, for teeth in any direction and of 
any curvature (straight, circular, or otherwise). Although the 
helicoidal basic member for hypoid gears, which corresponds to 
the basic rack for cylindrical gears and the basic crown gear for 
conical gears, had been partially described by others, he was 
the first to provide a complete and correct solution, not only for 
straight, inclined teeth, but also for curved teeth. This was 
accomplished by means of the methods which have been men- 
tioned. 

This work, in the opinion of the writer, represents the only 
basic advance in the theory of gearing in a great many years. 
It has been described only generally, and it is in a specialized 
field. Millions of hypoid gears are in use in automobiles, how- 
ever, and many are installed in industrial equipment. In spite 
of this, very little notice of the successful generation of teeth in 
hypoid gears is taken in recent textbooks of kinematics, which 
at most merely mention that gears for offset axes are being made. 

In addition to the Stewart and Wildhaber paper already men- 
tioned, general descriptions and illustrations of hypoid gears are 
to be found in two papers by the present writer.!! 


M. E. Marre.vorti.!? The author has presented an interest- 
ing review of the progress made in kinematics. He has indicated 
the trend in the treatment of kinematical problems and has 
pointed out the importance of kinematics in engineering. 

He has also called attention to the fact that most of the terms 
now used, particularly in the English literature and textbooks, 
in defining kinematical elements are incorrect, and he has sug- 
gested that new terms should be devised to describe more appro- 


11 “Large Spiral and Bevel Gears,’’ by Allen H. Candee, Trans. 
A.8.M.E., vol. 51, 1929, MSP-51-9, pp. 59-68. 

‘Industrial Applications of Spiral Bevel Gears and Hypoid Gears,” 
by Allen H. @andee, Trans. A.S.M.E., vol. 60, 1938, pp. 549-560. 

12 Research Engineer, The Cincinnati Milling Machine Co., 
Cincinnati, Ohio. 
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priately and with a certain degree of brevity the intrinsic charac- 
teristic properties of these elements. 

The author should be congratulated for bringing to the atten- 
tion of his fellow engineers this rather neglected branch of me- 
chanies. This paper will stimulate the interest of engineers on 
this subject, and this activity might well be co-ordinated by the 
Society in a division of applied and theoretical kinematics. 

The author seems to prefer the geometrical or graphical method 
in studying problems in kinematics. The graphical method, 
however, is to a certain degree satisfactory in treating problems 
of plane kinematics, but fails to be equally valuable in the treat- 
ment of problems in space kinematics, as the author has stated in 
his paper. 

Kinematics is but a branch of mechanies. This is the science 
of motion, and since motion involves space and time, it implies 
geometry as a necessary premise to which the concept of time 
must be added. 

When analyzing variations in the geometric characteristics of 
a system of points, conceived either as rigid or deformable, in ac- 
cordance with hypotheses suggested by the observation of mo- 
tion of natural bodies and without regard to the forces and masses 
involved therewith, we refer this study to that branch of me- 
chanics known as kinematics. 

In a preliminary study of mechanical problems, we may be 
interested in the geometry of motion or change of position of a 
body without consideration of the temporal law under which 
these new positions are attained. In this case, the concept of 
time may or may not be used. This is a useful procedure in tech- 
nical applications when it is desired to study the rigid motion in 
a plane, for instance, of a body relative to another, which is fixed. 

In any event, if relations are established, they must of neces- 
sity be reduced to the analytical form, for this finally permits us 
to correlate in a formula or equation the various relations of the 
elements involved, and eventually to further the study of the 
dynamics of the bodies or of the mechanism under consideration. 

Thus, the analytical and the geometric or graphical method 
of treatment of problems in kinematics are almost invariably 
jointly used in arriving at a solution of a given problem. 

The author has taken particular exception to the analytical 
method used by the writer in the derivation of the radius of cur- 
vature of the milling-cutter-tooth path,!* and he claims that the 
graphical derivation of the radius of curvature is simpler and 
more direct than the analytical one. 

In this particular case, the writer does not fully agree with the 
author. 

In deriving the radius of curvature of a milling-cutter-tooth 
path, the writer has used the following equation:" 


(“) (2 

ot 

(3) 


2 


da da da? da 


which is a more general equation than 


given by the author. 


Analysis of the Milling Process,’ by M. E. Martellotti, 
Trans. A.S.M.E., vol. 63, 1941, pp. 677-700. 

14 As mentioned in a private communication dated March 22, 1941, 
to Professor de Jonge. 
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Equation [9] is a special case of Equation [8] of this discus- 
sion and can be derived from the latter by making 


Equation [9] is used when the equation of the curve is of the 
type indicated by the following expression: 


y = f(z) 


which expresses a direct relation between the Cartesian co-ordi- 
nates; while the more general form Equation [8] of the radius of 
curvature applies to the case in which the equation of the curve 
is expressed as a function of the parameter, as is indicated in the 
equations 


x= ¢ (a) 
y = ¥ (a) 


expressing a relation between the co-ordinates of a point of the 
curve in terms of a, known as the parameter. 

The writer has given the equation of a milling-cutter-tooth 
path in the following parametric form (Equation [2] of the 
paper! referred to) 


z 


ra+t No] 


R—Rcose 


and he has used Equation [8] of this discussion for the derivation 
of the expression of the radius of a curvature. This was done in 
accordance with the following procedure: 


dx 


+ Reos 
da 


dy 


R sin a 
da 


da? 


d?y 


da? R COs a 


R sin a 


Squaring Equations [{m] 


dr\* 
=r? + R* cos? a + 2r R eos a 
a 


and adding the results, it follows that 


2 2 
dx =r+R?4+ 2rReosa 
da da 


which is the numerator of Equation [8] of this discussion. 
By multiplying Equations [m] and [n], as indicated in the de- 
nominator of Equation [8], the following result is obtained: 


R? sin? a 


a a ! 
ig) 
dy dz* 
R? sin? | 
a 


The expression for the denominator of Equation [8] is now ob- 
tained by subtracting from the first, the second Equation [q]; 
hence 
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2 2 


da? da ; da? 


(= 
da 
Substituting in Equation [8], the expressions obtained in Equa- 
tions [p] and [r], it is found that 
(r? + R® + 2r R cos is 
. rReos a + R? 
But from Equations [10] ¢f this discussion 
R—d 
cos a = R er ‘ rte 
where d indicates the instantaneous depth of cut in place of y. 
Therefore 
[r? + R® + 2r(R — d)]*”? 
a r(R — d) + R? 


Thus the equation for the radius of curvature has been deter- 
mined in a straightforward manner and without resorting to the 
additional steps which are required when following the graphical 
method. 


AUTHOR'S CLOSURE 


It is extremely discouraging that only two discussions of the 
author’s paper were received by The American Society of Me- 
chanical Engineers. These two discussions were presented by 
two practical engineers, Messrs. H. Candee and M. E. Martel- 
lotti, but none has been received from college professors or in- 
structors. This fact seems to confirm the contention of the 
author, expressed in his previous paper (1)'* and in his closing 
remarks thereto, that college professors either are ignorant of 
the modern development of kinematics and are unable, on that 
account, to discuss it, or that they do not care about the subject 
under discussion and hence their silence. This indifference is 
particularly unfortunate, because a valuable opportunity has 
been lost for eliciting further information from the author. 


Mr. Candee’s remarks require definite answers since he makes 
certain statements and levels some accusations against the author. 
The principal points of his comments, which shall here be taken 
up in detail, are as follows: 


1 “That the geometrical relationship of centers of curvature 
referred to in the paper as the quadratic transformation should 
be credited to Robert Willis. 

2 ‘That rolling curves, or polodes, should be considered in 
the same class with other curves which transmit motion by con- 
tact, and which generally both roll and slide. 

3 “That an important addition to the theory and practice 
of gearing has been made by the application of methods of in- 
vestigation not described in the review of modern European 
kinematics given by the author.” 


Mr. Candee continues: ‘‘The great importance previously 
ascribed to the relationship referred to as the ‘quadratic trans- 
formation,’ especially excited the writer’s (Mr. Candee’s) curi- 
osity. Now that a description has been provided, this relation 
is recognized as one long known but merely obscured by an 
unfamiliar name. The writer (Mr. Candee) agrees wholly with 
the author that this relationship of centers of curvatures should 
be taught in every course of instruction in kinematics.” 

It is very unfortunate that, apparently, Mr. Candee did not 
study the author’s paper very carefully, for had he done so, the 
author believes, he would scarcely have written ashe did. Like 


1 Numbers in parentheses refer to the Bibliography at the end of 
the author’s paper. 
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some of the discussers of the author’s previous paper (1), he, too, 
is guilty of building up a straw man for the purpose of knocking 
him down. 

To prove this, let us consider Mr. Candee’s third point first. 

As stated in the final sentence of the second paragraph of the 
paper, the author limited himself to reviewing only the motion 
of plane systems. That, at the end of the paper, he has briefly 
touched upon some new general and fundamental methods now 
used in Europe extensively for investigating space systems, but 
not known in this country, was done simply to show that the space 
branch also has been improved considerably. Thus, Mr. 
Candee’s third point, which refers to a highly specialized branch 
of kinematics in space, namely, to hypoid gearing, is disposed of 
as being strictly outside the scope of the subject matter dis- 
cussed, notwithstanding the fact that the methods used are 
methods of plane kinematics. There are many other similar 
applications of plane kinematics to space kinematics, none of 
which has been mentioned by the author on that account. 

Let us now take up Mr. Candee’s points 1 and 2. In point 1, 
he wishes the author to give due credit to Willis for having origi- 
nated the ‘‘quadratic transformation.” 

Mr. Candee either does not seem to have read the author’s 
definition in the third sentence of Part 1 (B), or he does not seem 
to have understood it properly. The definition of the quadratic 
transformation refers to a “reciprocal relationship” which not 
only correlates to any point in the moving plane system a definite 
point in the fixed plane system, but, at the same time, also 
correlates to this point in the fixed plane system the original 
point in the moving plane system. This is something quite 
different from finding the correlated centers of curvature of two 
tooth profiles in contact with each other, as described by Willis. 
It is true that, by a coincidence, these centers are also points of 
the quadratic transformation, but Willis neither referred to this 
fact in a general way, nor in any specific way other than having 
used the construction derived by him for obtaining the centers 
of curvature of two correlated gear-tooth profiles at the point 
in which they are in contact with each other. Still more im- 
portant, however, is the fact that Willis was not the first to give a 
construction for these correlated centers of curvature of gear- 
tooth profiles in contact with each other. The first was Leonhard 
Euler who gave a general, although different, construction for 
this problem in his second paperon gearing.'* Indeed, in the Trans- 
actions of the Institution of Civil Engineers,” in which Willis’ 
original paper was published under the title ‘On the Teeth of 
Wheels,” he himself says the following: 

“Euler, in his second paper on the teeth of wheels (N. C. Pet. 
XI, 209),?8 has with his usual ability investigated the proper curves, 
by examining the relation between their radii of curvature at every 
point. This method has naturally conducted him to results of a 
similar nature to those which I have given in the following pages, 
and he suggests that a small arc of the circle of curvature would 
suffice in practice for the form of teeth. He has given some 
geometrical constructions for this purpose, and has then passed 
on finally to recommend the involute as the best curve, this 
paper being, in fact, the first in which that curve is pointed out 
as possessing the required properties. To Euler, then, belongs 
the merit of first suggesting the substitution of an are of the circle 
of curvature for the real curve, a hint which has been, as far as I 
know, neglected by every succeeding writer. This may perhaps 

16 “‘Supplementum—De figura dentium rotarum,’”’ by Leonhard 
Euler, Novi commentarii Academiae scientiarum imperialis Petro- 
politanae (also known under the name of Akademiya Nauk), vol. 11, 
1765, pp. 207-231; particularly fig. 6 and sec. 18. 

17“On the Teeth of Wheels,” by R. Willis, Trans. Institution of 
Civil Engineers (not the Proceeding;), vol. 2, John Weale, Lon- 


don, 1838, pp. 89-112; particularly p. 95. 
18 Ref. 16, p. 209. 
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be attributed to the abstruse manner in which he has treated 
the subject.” 

Thus, Willis himself gives Euler credit for having been the 
first to derive a geometrical construction for obtaining the 
centers of curvature for the arcs of two correlated gear-tooth 
profiles in contact with each other. This is not all, however. 
As stated, nowhere in the paper cited, nor in his book, either 
in the first edition of 1841, or in the second edition of 1875, has 
Willis used his construction for the centers of curvature of two 
gear teeth at the point of contact, also for the determination of the 
center of curvature of a curve described by a point in the moving 
system. That he has not done so shows that he was unaware 
of the fact that it could be used for solving that problem. The 
same can be said of Euler, with regard to the paper cited.'* 
However, while Willis gave no formulas whatever, Euler gave, 
in addition to his geometrical construction, also an analytical 
solution. Neither of these authors can, therefore, be credited 
with having been the first to derive a formula and construction 
for the radius of curvature of a curve described in the fixed system 
by a point of the moving system. 

The first to have done this was Felix Savary (born October 4, 
1797, at Paris, died at Estagel, Pyrenees, on July 15, 1841, that is, 
prior to the publication of the first edition of Willis’ book), a dis- 
tinguished student of the Ecole polytechnique in Paris. After 
he had terminated his studies, he was made a professor in this 
famous institution, for courses in geodesy and in machinery, to 
the founding of which latter subject he had greatly contributed. 
Later he became a member of the Académie des sciences, and 
still later, of the Bureau des longitudes. His poor state of health 
neither allowed him to live a long scientific life nor to publish 
many papers. However, he will always be remembered by his 
famous theorem on the curvature of curves, described by the 
movement of a point connected with a curve rolling upon a fixed 
curve.'® It is true that he himself never published this famous 
theorem, which he had taught his students for many years. 
However, a lithographic copy of this part of his lectures on gearing 
was made by his students and was issued with his approval after 
he had edited it, as will be shown hereinafter. His students 
used this theorem freely and gave it the name of “Savary equa- 
tion.”” Since in Euler’s treatise,'* the equation is contained also, 
although in a somewhat different and more complicated form, 
the equation is, nowadays, called the ‘‘Euler-Savary equation.” 
Since it relates further to the rolling of two curves, one upon the 
other, it holds true directly for the inverse rolling motion, and, 
hence, it is the complete analytical expression for the ‘quadratic 
transformation.”’ 

It is not quite clear when Savary first discovered this theorem, 
but it must have been in the late 1820’s, or in the early 1830's 
during his professorship at the Ecole polytechnique. M. Chasles?° 
mentioned it in 1845, and used the equation to derive the radius 
of curvature of the envelope of a curve connected to the moving 
system, that is, to the solution of the problem previously solved 
by both Euler and Willis, showing thereby that the two centers 
of curvature of the curve and its envelope (which may be re- 
garded as two tooth profiles in contact with each other) belong 
to the quadratic transformation as was stated previously. In 
fact, he says, in discussing the rolling of one polode upon the 
other, which he calls “roulette” and “base de la roulette” 
respectively: 

“C’est la considération de ces deux courbes, la roulette et 


'* Grand Dictionaire Universal par Pierre Larousse,Paris, 1865 edi- 
tion, vol E, 1870, pp. 701-702, and vol. 8, 1875, p. 286 

2% “Construction des rayons de courbure des courbes décrites dans 
le mouvement d’une figure plan qui glisse dans son plan,” Journal de 
mathématiques pures et appliquées, vol. 10, 1845, pp. 204-208, par- 
ticularly p. 205. 


I 
I 

\ 


=— 


—_ 4. 


d 
\ 
I 
s 
t 
t 
t 
t 
i 
V 
e 


JONGE 


sa base, qui va nous servir pour résoudre le probleme énouncé. 
Designons la base par B, et la roulette par A. Celle-ci importe, 
dans son mouvement, une courbe C; et ¢’est le rayon de courbure 
de la courbe enveloppe de l’espace parcouru par cette courbe C, 
que nous voulons construire 4 un instant queleonque du mouve- 
ment. Il est clair que pour cela nous pouvons substituer au 
deux courbes A et B leur cercles osculateurs en leur point de 
contact & cet instant. De sorte que la question se réduit a 
celle-ci: Un cerele A, roulant librement sur un cercle fixe B, on 
demande de déterminer le rayon de courbure de la courbe en- 
veloppe de l’espace parcouru par la courbe C mobile avec le cercle 
A. Or cette question a été traitée par M. Savary dans ses Lecons 
sur les engrenages*.”’ 

*“Tla été fait, d’aprés la rédaction méme de M. Savary, une litho- 


graphie de cette partie du Cours de Machines, professé a I’Ecole 
Polytechnique.” 


Chasles then carries on, referring to the construction to be 
used, which he attributes to Savary. He says in fact: + 

“La construction de M. Savary est exprimée par la relation 
suivante, ..."’ and in giving thereafter the Savary equation, he 
refers to it in a footnote marked ***, which reads: 


*** “Ou peut consulter aussi le Traité de Géométrie descriptive 
de M. Leroy: deuxiéme édition, 1842, page 384.” 


The construction used by Savary,'® although derived in an 
entirely different way, proved to be the same that Willis found 
later for the two centers of curvature of correlated tooth profiles 
that is for a very different purpose. Thus, it is only accidental 
that Willis’ construction is also a construction for the quadratic 
transformation, and, since the construction was found much 
earlier by Savary than by Willis, and since the latter did not notice 
its other possibilities, it is only natural to credit it to the former. 
Mathematically the construction by Savary or Willis is only a 
special case of the far more general construction for the quadratic 
transformation devised by Bobillier (4). 

By the foregoing, it is shown that the “quadratic transforma- 
tion” cannot be credited to Willis, as Mr. Candee has intimated, 
but must be credited to Savary, exactly as the author stated in 
his paper by referring to the equation as the “Euler-Savary 
equation.” 

Likewise, Mr. Candee’s accusation, that the author merely 
tried to obscure a long known relationship by giving it a new and 
unfamiliar name, must be rejected emphatically, for, on the one 
hand, the quadratic transformation refers to a ‘‘reciprocal rela- 
tionship” of a point in the moving system and a point in the fixed 
system, of which Willis was not aware, and, on the other hand, 
the term ‘‘quadratic transformation” is far over half a century 
old and occurs in many writings since that period, for example 
in Allievi’s book (5) and many others. Thus, unfamiliarity 
cannot be blamed upon the term used by the author, but must 
be laid squarely upon Mr. Candee who, obviously, is unfamiliar 
with the extensive literature on that subject. Besides, the full 
meaning of the ‘quadratic transformation” might have become 
clear to Mr, Candee had he taken the trouble to study the refer- 
ences given by the author, particularly reference (8). 

It is, therefore, not easy to understand how Mr. Candee can 
make the statement: “From the manner in which the author 
has presented what is called the quadratic transformation, a 
reader is likely to suppose that it is of rather recent discovery,” 
for the author has given references (4), (5), and (7), which go 
back, respectively, to 1870, 1895, and 1765 as stated. That 
these dates cannot be called “recent’”’ is obvious to every un- 
biased reader. In addition, there is no reason for changing the 
long existing term “quadratic transformation” into “curvature 
diagram,” if the full meaning of the former is properly understood. 
In making the latter proposal, Mr. Candee, obviously, thinks 
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only of the simple geometrical construction, but this is only a 
means to an end, namely, for finding the quadratic transformation. 
Apparently, he has not realized this. 

Mr. Candee has drawn attention to another reference to lend 
weight to his argument. He cites Reuleaux’s ‘Constructor’ 
as translated by Suplee in 1894. This translation was made from 
the fourth German edition of this book, dated 1882-1889. In- 
stead of giving this reference, Mr. Candee might better have 
referred to Reuleaux’s first volume on ‘Theoretical Kinematics,” 
translated by Prof. Kennedy, in 1876, under the title of “Kinematics 
of Machinery,” in which Reuleaux describes Willis’ method as 
one of seven for obtaining correlated profiles. It should not be 
lost sight of, however, that Reuleaux, too, used it only for 
obtaining the centers of curvature of two profiles continuously 
in contact with one another. 

Regarding Mr. Candee’s statement that no reason is given for 
the use of velocity vectors in the derivation of Hartmann’s 
construction of the center of curvature, which the author ex- 
plained in the text accompanying his Fig. 2, and regarding Mr. 
Candee’s claim that this relationship (of a point describing a 
curve and the center of curvature of it in that point) can be shown 
most simply and directly by geometry, it must be said that this 
is not quite correct for the following reasons: 


1 The geometrical construction (and we are here concerned 
only with a geometrical construction and not with a formula), 
which has been devised by geometry, is the Bobillier construction, 
or its special case the Savary-Willis construction, and this con- 
struction fails completely for the central position, that is, 
when the point describing the curve whose radius of curvature 
is to be found, lies on the line of centers. This is a very serious 
shortcoming, one which has been keenly felt ever since that con- 
struction was devised. 

2 The author has stated clearly, at the top of the third page of 
the paper, that the construction for the quadratic transformation 
can be derived most readily by projective geometry and has 
cited sources. 

3 In the following paragraph, he has stated that it is not neces- 
sary to exclude “time,’’*! and that, by introducing it, a truly kine- 
matical solution, namely, the Hartmann construction, can be 
obtained. 

4 The Hartmann construction, and this is of the greatest im- 
portance, is really a purely geometrical solution, for it pictures 
what happens during a differential of the motion that occurs. 
Since the construction would require the drawing of lines in- 
finitely close to one another, which is impossible, he has simply 
used an enlargement by affine projection, by multiplying the 


1 
displacements with the constant factor a’ to make visible the in- 


finitely close array of lines. In doing this, he has not only 
derived a simple construction for the center of curvature, which 
does not fail for points on the center line, but, unconsciously 
and unknown to himself, has obtained thereby a _pro- 
jective construction which gives a complete representation 
of the “quadratic transformation.”’ It is therein that the 
importance of Hartmann’s construction lies. It is true that, 
by this process, the displacements appear in the form of velocity 
vectors, but what difference does that make? He has thus 
derived a truly kinematical solution in which the time is pres- 
ent as an element, but far from this being a drawback, it is a 
distinct advantage for, in all machine problems, time is present 
with respect to the motion that occurs. Assumptions simplifying 


21 See also the comment made by Mr. Martellotti who, like the 
author, feels that a kinematical solution which, in addition to geome- 
try, includes time as a factor, is as justified as a purely geometrical 
solution. 
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the Hartmann construction still further can be introduced, as is 
shown in Fig. 3 of the paper and the accompanying text. 
Let us now deal with point 2 of Mr. Candee’s discussion: 


Mr. Candee is correct in assuming that the polodes, or curves 
which roll upon one another, constitute a special case of all those 
profiles which both roll and slide upon one another if motion is 
transmitted by them. One of the important prerequisites, how- 
ever, is that, for both profiles, the common normal must pass 
through the rotopole, that is, the point in which the two rolling 
curves are in contact with one another at the moment con- 
sidered. By this requirement, the polodes are singled out as 
special curves. Furthermore, it follows that, for the profiles to 
act in a driving manner, the normal mentioned must have an 
inclination to the line of centers about which rotation, if any, of the 
rolling curves, or polodes, takes place. Consequently, the sliding 
component at the profiles transmitting motion can vanish only 
when the point of contact of the profiles, at the same time at 
which it is on the line of centers, lies also on the rolling curves. 
This is an important restriction, and Mr. Candee’s statement 
that the sliding component vanishes when the point of contact 
of the profiles is on the line of centers, has to be modified to the 
effect that it also must lie in the rotopole of the instantaneous 
motion. His generalization is, therefore, not correct. 

Although the polodes are a special case of the curves which 
both roll and slide, nevertheless, they form a group by them- 
selves, for, as has been shown clearly in the paper, their centers of 
curvature at the point of contact cannot be determined uniquely 
by taking into consideration three infinitely near positions, as in 
the case of profiles for example, but can be found only by taking 
into consideration four infinitely near positions. Thus, it can be 
shownreadily that a mechanism, which requires for its constitution 
the rotopole of two given polodes, or of their osculatory circles, can 
be obtained also from various other circles, which are the osculatory 
circles of other polodes than the given ones. Hence, again, Mr. 
Candee’s generalized statement, that the polodes should be con- 
sidered together with the profiles which both roll and slide, is 
incorrect and has to be modified to the effect, that although the 
polodes form a special case of the profiles, they must be treated 
in an entirely different manner. This is usually done in modern 
kinematics and was stated thus in the author’s paper. In fact, 
Mr. Candee himself admits that polodes cannot be treated like 
profiles as will be shown a little later. 

Mr. Candee’s assertion that the theorem of the three centers 
is the basic tool and that the relationship of the centers of curva- 
ture can be derived directly by it, is fully true, but it has to be 
kept in mind that, historically, this was not the development 
which took place first, for the discovery of this theorem by 
Aronhold occurred only in 1872, and it did not become known in 
the English-speaking countries until 1886, after it had been re- 
discovered by Prof. A. B. W. Kennedy in England. That this 
basic theorem must be the appropriate tool for the solution of 
the problem of curvatures is evident from the fact that, in this 
problem, three systems are involved, namely, the moving system, 
the fixed system, and the system containing the radius of curva- 
ture, which connects the other two systems. Hence, the theorem 
that the three rotopoles of these three systems must be on a 
straight line applies, but this does not as yet lead to the Savary 
construction. 

Mr. Candee asserts that he has investigated the most general 
relationship of relative curvatures not only for the case of con- 
stant velocity ratio, but also for varying ratios, and, in stating 
the problem, finds by its solution that an infinite number of po- 
lodes (“pitch curves,” he calls them) satisfies the requirement 
ofthe problem. This is the reference to which attention was drawn 
a little earlier, and it is exactly what the author previously tried to 
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make clear, but, while Mr. Candee wishes to use this as a proof that 
polodes, or rolling curves (or pitch curves), can be dealt with by 
the same methods as profile curves, he himself makes the admis- 
sion that this is not possible and that ‘additional information” 
is required, to obtain the desired polodes, just as the author 
stated when he showed that polodes require separate and special 
treatment. 

To Mr. Candee, the distinction between applied kinematics 
and kinematic synthesis is not very clear. No such distinetion 
was made by the author who differentiates between “kinematic 
analysis,’’ which takes a mechanism for granted and investigates 
its properties, and “kinematic synthesis,’’ which considers the 
properties as given and determines the mechanism which will 
have these properties. This is the usual difference between 
analysis and synthesis.?? 

Regarding the use of analytical methods or of geometrical 
methods, it is naturally a question of personal preference, as 
Mr. Candee points out, and not so much of the country in which 
the student was educated. In Germany, however, the general 
preference has been to use geometrical rather than analytical 
methods, because the former generally give simple and valuable 
checks which guarantee the correctness of the solution, while 
this is not the case with the latter methods. 

Tosum up, it has been shown that: 


1 Savary, and not Willis, was the first to give a general geo- 
metrical construction and formula for the quadratic transforma- 
tiony 

2° The polodes, although being a special case of the profile 
curves, must be treated separately because of their vastly dif- 
ferent properties. 


The answer to item 3 of Mr. Candee’s discussion, which 
was strictly outside the scope of the paper, could not be given 
here. In any paper on “‘space kinematics,” it would be proper 
to discuss, under the section of gears in space, Mr. Wildhaber’s 
method dealing with hypoid gears by developing the gear as 
well as the pinion into a plane and treating it by plane methods 
of kinematical analysis. 


To Mr. Martellotti, the author is grateful for the kind words 
he has said about the author’s efforts to bring a very neglected 
field of engineering again to the attention of engineers in this 
country and to stimulate interest therein. The author is indeed 
gratified to find at least a few who appreciate his views and the 
value of his remarks, and who go even as far as to suggest that 
the Society might well co-ordinate this field of endeavor in a 
division of theoretical and applied kinematics. From_ his 
previous experience with the pronounced conservatism in this 
country, the author has not dared to suggest such a course, but 
he is endeavoring to create a.division for ‘“Design” (or “Design 
Division”), which would have mechanisms, kinematics, and 
dynamics as important branches of its activities. If farsighted 
engineers like Mr. Martellotti and many others who have ap- 
proached the author with similar requests, would support such a 
venture, the Society would be enriched by a very important and 
worth-while activity to the advantage of both, itself and its 
members. The author takes this opportunity of issuing an 
appeal to all mechanical engineers interested in design or design 
problems, to support this new venture which, in due course, will 
be brought to their attention through the usual channels by 
the Society. 


22 It is unfortunate that Mr. Candee was not present at the meet- 
ing at which the author presented the paper. At this meeting, the 
author exhibited further slides which showed, in a number of cases, 
how such mechanisms can be determined from conditions which seem 
almost too complicated to be met with by any mechanism. Due to 
lack of space, these examples cannot be repeated here. 
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Mr. Martellotti seems to be in full agreement with the author 
on most points, such as the importance of kinematics to engineer- 
ing, the publication of the new trends in kinematics, the creation 
of a simple, uniform, and expressive terminology instead of the 
cumbersome terminology still in use at the present time, and the 
fact that kinematic methods are just as useful as are purely geo- 
metrical methods (as advocated, for instance, by Mr. Candee). 

On one point, however, Mr. Martellotti’s ideas and those of 
the author seem to differ somewhat, namely, on the value of 
geometrical methods as compared with analytical methods. It 
is true that, historically, this science has been advanced fre- 
quently by analytical methods, but almost invariably much 
simpler geometrical methods were discovered thereafter. This 
has been due not so much to the inherently greater value of the 
analytical methods, as to the training which the particular in- 
vestigator had received. There have been only comparatively 
few who were trained in geometrical methods, particularly 
in projective geometry, and the advances they have brought 
about, generally, have been much greater than those by kinemati- 
cians who used analytical methods. Mr. Martellotti says further 
that the author stated in his paper that geometrical methods fail in 
space kinematics to be equally valuable as in plane kinematics. 
This is not quite correct, for the author only said that the geo- 
metrical methods become more involved. However, the analytical 
methods are equally complicated in this case, or they require 
much more preparatory study to be absorbed so that a facility 
in their use will result. 

One point, which has not been mentioned by either Mr. 
Candee or Mr. Martellotti, is the fact that geometrical methods 
usually permit of applying checks in a simple manner. Since 
numerous straight lines or circles have to be drawn, conditions 
arise frequently, in which certain points have to lie on straight 
lines or circles, or certain straight lines or circles must pass 
through certain points. Such checks form an extremely valuable 
criterion for the correctness of the derivations or constructions. 
No such checks exist in the analytical methods where the various 
analytical or numerical values have equal weight, and errors 
cannot be detected. 

Perhaps Mr. Martellotti recalls that, when checking the origi- 
nal preprint of his paper! the author discovered, by his geometri- 
cal methods, several minor errors which had passed unnoticed 
and which were then eliminated in the final publication of the 
paper. This indicates clearly the great value of the geometrical 
methods. However, the author agrees with Mr. Martellotti that, 
in practice, geometrical constructions and numerical calculations 


have to be used side by side. Whether the numerical calcula- 
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tions are based on concise analytical formulas, or whether they 
involve no more than the use of similar triangles, etc., is im- 
material. To the author’s mind, the latter, as derived from the 
geometrical constructions, seem to offer the simpler way. How- 
ever, in his own work, the author has frequently used both ap- 
proaches, yet he feels from his experience that the geometrical 
methods and calculations based on them are, in general, prefer- 
able and simpler. An exception to this rule is formed by all prob- 
lems or investigations of the higher forms of motion, which re- 
quire higher differential quotients for their solution. In these cases, 
the analytical approach is either the only one possible, or it is the 
simpler one, as is shown, for example, by some of the investiga- 
tions of Allievi, Mehmke, and others. Good judgment has, 
therefore, to be exercised as to which method is preferable. In 
most practical problems, however, the geometrical method is 
the simpler and more lucid one. This holds also in the case of 
the radius of curvature generally, although sometimes the purely 
mathematical solution also gives quick results. 

The author, now, must revert to the problem of the path of 
the milling cutter and its radius of curvature. He owes Mr. 
Martellotti an unqualified apology, for it is perfectly true that 
Mr. Martellotti,in the private communication referred to, '‘ pointed 
out the formula he had used for determining the radius of curva- 
ture for the parameter equations of the cutter path. Thus, in 
the paper, the author should not have stated that Mr. Martellotti 
used the common formula for the radius of curvature cited 
therein. The error is due to a contraction of the text which 
became necessary and which made it appear that Mr. Martellotti 
had used this formula. The facts are that, when the author put 
the problem to numerous other engineers and to some of his 
students, there was not a single one who had even a knowledge 
of the existence of the parameter form of the equation for the 
radius of curvature. Everyone used the common formula, as 
indicated in the paper, which leads to extremely complex ex- 
pressions that must be handled very carefully if the final result 
is to be correct. It was due to this contraction of the text be- 
cause of lack of space that the wrong sense was created. The 
author is glad that Mr. Martellotti has availed himself of the 
opportunity of giving his derivation, and takes pleasure in acknowl- 
edging that it is probably just as simple in this case as the 
kinematical solution according to Hartmann, although, in the 
latter solution, no differentiations at all are required, as was 
pointed out by the author in the paper. 


In conclusion, the author desires to thank both Mr. Candee 
and Mr. Martellotti for their contributions and for the trouble 
they have taken to discuss the author’s paper. 
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Rating Supercharged Engines on the Basis of 


the Mean Temperature of the Cycle 


By RALPH MILLER,' BUFFALO, N. Y. 


The author analyzes the temperature conditions of 
nonsupercharged and supercharged Diesel engines and 
bases the work on the assumption that the capacity of a 
prime mover which converts heat into work is limited by 
the temperatures to which its mechanism is subjected in 
the process. The exhaust-gas turbine used in the Buchi 
supercharging system may not be operated above 1020 F 
gas temperature. It is evident that the Diesel engine 
likewise reaches a limiting gas temperature as the load 
is increased. It is demonstrated that engines super- 
charged with blowers, having an adiabatic efficiency of 
about 75 per cent and operating without air cooling, 
cannot be loaded above 150 per cent of the brake horse- 
power of the naturally aspirated engine without exceeding 
its temperatures or maximum pressures. The paper 
further develops the importance of removing the hot 
clearance gases. With a clearance volume of 8 per cent, 
the indicated horsepower is increased 18 per cent with no 
supercharging, by removing the clearance gases only. 
The capacity of Otto-cycle engines with large clearance 
volumes and high residual-gas temperatures would be 
increased considerably more than 18 per cent by the scav- 
enging method described. 

UPERCHARGING of four-cyele engines is being adopted 
S on an ever-increasing scale as a means of obtaining more 

horsepower from an engine of given dimensions and weight. 
The development has been greatly accelerated by the war emer- 
gency. 

It is the object of this paper to show how the thermodynamic 
conditions change with various degrees of supercharging and to 
establish a method by which the rating of supercharged engines 
may be calculated. 

With few exceptions engines which are being supercharged at 
the present time have been designed to operate as naturally as- 
pirated engines, and their horsepower ratings in most cases have 
been established by long field experience. This rating is limited 
by three factors, i.e., combustion efficiency, loads imposed by 
gas pressure, and the mean temperature of the cycle. If an engine 
has been so designed that all factors have the same margin for 
safe operation at full load it follows that when the unit is super- 
charged, the mean temperature and maximum combustion pres- 
sures of the standard engine must not be exceeded. 

During the early period of development of the solid-injection 
system the load an engine could carry was limited to the point 
where exhaust smoke and incomplete combustion became trouble- 
some. During this period research work was centered on com- 
bustion chambers and injection equipment. The discovery of 
the effect of turbulence and refinements in injection equipment 
has brought about such improvements in the combustion of the 
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fuel that most modern engines have smoke limits far above the 
temperature limits. Just before this war, the author witnessed 
tests in England on an 8-in. X 12-in. 800-rpm engine which 
showed clear exhaust at 105 lb bmep. At this load the air-fuel 
ratio was about 20. However, the normal rating of the engine was 
82 lb bmep with an air-fuel ratio of 27. 

The simple, though admittedly highly controversial method of 
establishing the rated load by the appearance of the exhaust, as 
used in the days when the test engineer spent half of his time out- 
side the building gazing at the exhaust pipe, is no longer being 
used, 

When the smoke limit was lifted brake mean effective pressures 
were increased to values which have been established by tests 
and actual field experience for each particular type and size of 
engine in its particular service. 

By this trial-and-error method the engine is rated at the maxi- 
mum mean temperature it will stand with the chosen margin 
of safety required for the service. However, the actual value of 
the mean temperature is not found by this method. 

While it may be of some value to know the mean temperature of 
the cycle of a given engine the information is of slight use as a 
means of rating projected designs because engines of different 
speeds, size, and design features, such as oil-cooled pistons, would 
not be rated at the same mean temperature. 

However, when the output of a given engine is increased by 
supercharging, effective or useful increase in horsepower above the 
established rating as a nonsupercharged engine can be evaluated 
only by calculating the mean temperature of the cycle. 

Biichi? shows by diagrams that the maximum and mean 
temperatures at all supercharging pressures remain the same as 
the temperatures in the nonsupercharged engine. To make 
that condition possible the initial temperature of compression 
must be kept constant which requires aftercooling of the super- 
charging air. Furthermore, the cutoff ratio must be kept con- 
stant and the maximum cylinder pressure increased with the 
supercharging pressure. 

The analysis here presented is based on the assumption that 
the maximum combustion pressure remains constant at the value 
of the pressure used in the nonsupercharged engine. 

Effect of Scavenging. In the nonsupercharged engine the 
residual gases in the clearance space remain in the cylinder and 
mix with the fresh charge. While it is true that neither the tem- 
perature of the residual gases nor the volume of the clearance 
space has any effect on volumetric efficiency, the initial tem- 
perature of compression is increased by retention of the residual 
gases. In a nonsupercharged engine this heating of the charge 
will amount to about 26 F at full load. With effective scaveng- 
ing, this heating disappears and, as is seen by the accompanying 
graphs, a reduction of 26 F in 7, permits an increase in load of 
about 10 per cent for the same mean temperature. The real 
benefit of scavenging is derived from this reduction of tempera- 


’ ture only, and not from the addition of fresh air, because the 


excess air is already ample for good combustion. 
The heat removed from the combustion-chamber walls and 


2 “Supercharging of Internal-Combustion Engines With Blowers 
Driven by Exhaust-Gas Turbines,” by A. J. Biichi, Trans. A.S.M.E., 
vol. 59, 1937, pp. 85-96. 
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piston crown by the scavenging air as it sweeps through from 
the inlet to exhaust manifold during the valve-overlap period, is 
insignificant. Even if we assume that the temperature of the 
scavenging air is raised 100 F, only 75 Btu would be removed per 
hour per horsepower, while the heat liberated in the cylinder 
is about 7000 Btu per hr per hp. 

It should also be realized that the greater the heating of the 
scavenging air the higher will be the initial compression tempera- 
ture, because the air retained in the cylinder will also have been 
in contact with the hot walls. 

The effect of the initial compression temperature is so great that 
a higher load would be carried at a given mean temperature if it 
could be assumed that the air did not receive any heat from the 
walls. 

The low temperature read on thermocouples in the exhaust 
port with scavenging is no proof that the mean temperature of 
the cycle is lower than in a nonsupercharged engine at a load 
giving higher exhaust temperatures in the exhaust ports. The 
mass of the thermocouples is small and quickly responds to the 
relatively cold scavenging air. 

In this analysis it has been assumed in all cases that the re- 
moval of the residual gases by scavenging is complete at all 
scavenging pressures. 

Gas samples were taken at top dead center, 30 deg and 60 deg 
after top dead center in the scavenging period on an engine oper- 
ating with 4 lb supercharging pressure. The result, plotted in 
Fig. 5 shows the scavenging to be complete at this pressure. 

Determining Initial Compression Temperature T,. The im- 
portance of determining 7; accurately is evident when it is seen 
that the mean temperature bears an approximate ratio of 2 to 
T;, and an increase of 48 deg in the mean temperature produces 
the same mean temperature as 10 per cent overload. To caleu- 
late the initial compression temperature 7; in the nonsuper- 
charged engine, the volumetric efficiency must first be deter- 
mined. 

From a light-spring-scale indicator card of the first half of the 
compression stroke, the compression exponent is found for the 
path between 45 and 90 deg after bottom dead center. Using 
the same exponent the pressure P; at Vi, the beginning of the 
compression stroke, is calculated. Cylinder heating is then 


[1] 


The temperature of the charge is further increased by mixing 
with the retained residual gases. This heating may be calculated 
as follows: 


7 
Pam X E Vi—V 4 V2 X 
1 2 E x T. 
The initial compression temperature 7; is then 
where 
ten = heating from hot walls, deg F 
ttn = heating of charge due to residual gases, deg F 
P, = initial compression press, psia 
T,; = initial compression temperature absolute 
Tatm = atmospheric temperature absolute 
P.tm = atmospheric pressure psia 
E = volumetric efficiency 
V, = clearance + piston displacement 
7, = clearance 
T. = temperature abs, at point 6, Fig. 1 
ty = is approximately 26 deg for a load of 94 lb mip 
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with a clearance volume of 8 per cent. (The decrease in tem- 
perature due to the pressure drop from P; to Ps is assumed to be 
that due to an expansion exponent of 1.23.) By using the 


1 5) 1 T; Ts 
5 


known relations ——— = —— and T, = 
1 Ts 
can be calculated from the measured Ps; in the diagram, and the 
known exhaust back pressure Ps. 
In the case of the supercharged engine, where residual gases are 
removed, determination of 7; involves CO: analysis of the com- 
bustion product. The air delivered by the blower divides into 
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SUPERCHARGED 
Fig. Inpicator DIAGRAMS 

two volumes, one passes through as scavenging air, the other 
volume remains in the cylinder for combustion. By weighing 
the fuel and determining the CO, of gas samples, taken with a 
timed sampling valve on the exhaust stroke, but before the inlet 
valve opens, the weight of air retained in the cylinder is calculated. 
Using the compression exponent, found by measuring the pres- 
sures at 45 and 90 deg from bottom dead center, P; at volume 
V, is determined by using the same exponent. The value of 
T, is then calculated. 

When this method was tried it was found that gas samples 
taken through a timed valve placed in the combustion chamber 
did not show uniform results. Samples taken just before the open- 
ing of the exhaust valve would show as much as 2 per cent higher 
CO, than those taken half way up on the exhaust stroke. The 
sampling valve was, therefore, placed in the exhaust port and 
timed to take samples over the period between bottom dead 
center and 90 deg after on the exhaust stroke. This gave con- 
sistently good results. 

Determining Mean Temperature of Cycle of Nonsupercharged 
Engine. Starting with 7,, the temperatures along the path of 
the compression and expansion stroke can be calculated by 
using the formula 


T, = 


On the expansion stroke a correction must be made for change 
in volume due to combustion. A four-cycle engine operating with 
a fuel consumption of 0.38 lb per bhp per hr with 86 per cent 
volumetric efficiency at a load of 75 lb bmep will have a correction 
factor of C = 1.038. Since this is an increase in volume the tem- 
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peratures on the expansion stroke must be divided by this value. Sseeseseen TF] 
Mean Temperature of Exhaust Stroke. In the nonsupercharged + 
engine with no scavenging effect, the temperature during the 
exhaust stroke is assumed to remain constant at 7's. 
Mean Temperature of Suction Stroke. The temperature in the oa 7 ttt 
nonscavenging engine at the beginning of the suction stroke is La sssece 
that of the residual gases, or vag 
rhe temperature at any crank position on the suction stroke is oa 
= 
T xX P, x V; [5] = 
x E V2 x y 
EXT 
T. = absolute temperature at volume V, ' tt 
Tatm = atmospheric temperature absolute H+ Me (aes.) 
Vi = piston displacement at any given crank position 
I 800 620 640 860 680 
plus clearance volume 
V2 = clearance volume Fic. 4 COMPRESSION TEMPERATURE 7) 
(Intake temperature 90 F.) 
= volumetric efficiency 
T. = residual-gas temperature absolute when the inlet valve opens and the temperature begins to drop 


at that point until the exhaust valve closes. 

Having determined the mean temperature of the standard en- 
gine or the temperature at which it is desired to rate the super- 
charged engine we have 


The temperatures for the four strokes are next plotted as 
‘shown in Fig. 2 and the mean temperature determined by using 
a planimeter. 

Determining Mean Temperature of Cycle of Supercharged Engine. 


When a four-cycle engine is supercharged, the exhaust and inlet Teen St. = Treen SUD. 
valves are given a large overlap for the purpose of scavenging 
the residual gases from the clearance space. This action starts The supercharging pressure is selected and the atmospheric 
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temperature taken equal to 7'aim used in calculating the mean tem- 
perature of the nonsupercharged engine. 

The intake-manifold temperature, Tm, is calculated from the 
blower data or taken from actual tests. 

With 7, determined, the mean temperature of the super- 
charged engine can be calculated. 

The compression and power strokes are calculated by the meth- 
ods outlined for nonsupercharged engines. 

The exhaust and suction strokes are calculated as follows: 

Mean Temperature of Exhaust Stroke: 


Te+ = 27, —— (T, 
Mean Temperature of Suction Stroke: 


_ 180-A 
™ 180 


where 


A = overlap period after TDC, deg 
B= overlap period before TDC, deg 


It is assumed that the temperature drop from the exhaust 
to the initial temperature 7’ follows a straight line. 

Fig. 3 is a typical temperature-time diagram for an engine 
with scavenging of the clearance volume. It will be noticed that 
mean temperatures on the exhaust and stetion strokes are lower 
in the scavenged, supercharged cycle. 

Example of Application of Method to Actual Test. To facilitate 
the work, theoretical P-V diagrams, as shown in Fig. 1 rather 
than the actual diagrams are used. Exponents 1.33 and 1.45 are 
assumed for compression and expansion, respectively. Combus- 
tion is assumed to progress at a rate that will produce vertical 
pressure rise and horizontal volume increase at constant pressure 
with sharp termination at point 4. 

Calculating Mean Temperature of Nonsupercharged Engine. 
From the true diagram, P; was found to be 

P, = 15 psia 
By measurement and checking by the CO, method the volu- 
metric efficiency was determined as 


E = 86 per cent 
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also 


75.5 psi 


18 psi 


Bmep 
Mip = 93.5 psi 
Ihp per cylinder = 103.25 
Ps 765 psia 
Rpm 360 


The cutoff ratio Vy for 103.25 ihp is solved from the formula 


V,9.45 Ps 0.33 N 


1.457, — — 


X 0.45 


where pressures are in pounds per square foot; volumes are in 
cubie feet; and taking 


P; (765 X 144) psia 
(15 X 144) psia 
1.508 cu ft (piston displacement plus clearance) 
0.112 cu ft (clearance) 
power strokes per min 


then 
V, = 0.17 cu ft or 11.3 per cent of V; 


The P-V diagram can now be constructed. The initial 
compression temperature 7’, was calculated as explained and found 
to be 


T, = Tam + ton + tn = 550 + 110 + 26 = 686 R 


By caleulating the pressures at increments of 7.5 deg along the 
compression and expansion paths, the corresponding tempera- 
tures were found from Equation [4] and plotted over crank de- 
grees. The temperatures along the path of the suction stroke 
were calculated by using Equation [5] and plotted over crank 
degrees. The exhaust-stroke mean temperature was taken 
equal to 7's. 

With the values given, the mean temperature of the cycle 
with the assumed theoretical P-V diagram was found to be 


T,, = 1260 deg abs 


Finding Load at 1260 F When Supercharged. ‘To facilitate the 
work of estimating the rating of the supercharged engine, a 
number of theoretical cards were constructed and 


formulas were developed. The data are plotted in Figs. 
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6 and 7. 


sees: 


Thus by finding 7; (corrected to an atmospheric 
temperature of 90 deg), the cutoff ratio can be read in 
Fig. 6, for any initial compression pressure. Trans- 


ttt 


ferring this cutoff ratio to Fig. 7, the mean indicated 
pressure is read on the abscissa at the intersection of 
the cutoff ratio and the pressure (P,). The tempera- 
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ture 7, for 4 lb scavenging pressure was calculated 
from the following observed test data: 


Pressure at 135 deg BTDC 22.6 lb abs 


HF 


TT 


37.8 lb abs 
1.3 
19 lb abs 


Pressure at 90 deg BTDC 
Compression exponent 
Pressure at 180 deg BTDC 


se 


Barometer 


29.5 in. Hg 


++ 


T 


crane 


81 F 
133 F 
7.2 per cent by 


Blower-intake temperature 
Intake-manifold temperature 
Carbon dioxide 
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Fuel burned per stroke 0.00383 Ib 
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COMPRESSION PRESSURE P, (GAGE) 


= 
5 
re 
12 
ees 
10 


1.2 6.6 0.7 2.0 2.8 
6 Temperature VERSUS CUTOFF 


(Tm = mean temperature of cycle; 71 = initial compression temperature.) 


Fuel-air ratio = 0.033 
Weight of air per stroke = 0.1161 lb 
Equivalent volume at 14.5 lb and 80 F = 1.597 cu ft 


From these data 


T 
en 14.5 X 1.597 


Cylinder heating is then 
669 — (460 + 133) = 76 F 


Since the nonsupercharged-engine mean temperature was 
calculated for 90 deg atm temperature, and the supercharged 
engine operated with 81 deg atm temperature, the difference 
is added to Ts9 making 


T, = 678 R 
We then have 
T,, = 1260, and 7; = 678 


Te 1.86 


Interpolating between pressure lines for 4 and 5 lb, a cutoff 
ratio of 14.25 per cent is read at the intersection of temperature 
ratio 1.86 and 4.5 lb pressure in Fig. 6. 

A cutoff ratio of 14.2 is read in Fig. 7 to give 124 lb mip. 

This test shows that with a 4-lb supercharging pressure, the 
mean temperature of the nonsupercharged engine is reached at a 
load of 124 lb mip. Assuming that the fmp remains at a value 
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of 18 lb, the bmep is 106 lb and the bhp 140.5 per cent of the non- 
supercharged engine. 

Using the one established rating point at 4 lb supercharging, 
curve A in Fig. 8, has been plotted for pressures up to 8 lb by 
extrapolation. To do this, the initial temperatures at various 
supercharging pressures had to be calculated. It was assumed 
that the cylinder heating is a function of the total weight of air 
passing through the engine and that the ratio found at the test 
point would hold at all pressures. Then 


Supercharged engines at 4 lb pressure: 
Weight of air per cylinder per minute = 26.67 lb 
Cylinder heating = 76F —_ 

Standard nonsupercharged engine: 
Weight of air per cylinder per minute = 15.8 lb 
Cylinder heating = 110 F 


From this it is seen that the cylinder heating at 4 lb super- 
charging pressure is 


15.8 
tn = 110 X(——) 76 
» = 110 X (= =) 76 F 9] 


Using Equation [9], and the known blower capacity at other 
selected pressures, the 7 temperature curve A was plotted in 
Fig. 4. The horsepower at any pressure is then read in Fig. 7, 
at the intersection of the initial compression pressure P;, and the 
cutoff ratio, after the latter has been found in Fig. 6 at the inter- 
section of P; and the temperature ratio. 

The point on curve A in Fig. 8, at zero supercharging pressure 
shows a nonsupercharged engine without valve overlap. Above 
the test point at 4 lb, the curve is extrapolated as explained. 
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Tests at higher pressures are needed to verify the extrapolation. 
The trend of the curve indicates that with normal heating of the 
air through the blower little is gained in horsepower above 4 lb. 

The temperature ratio versus cutoff curves in Fig. 6 are 
based on Ps = 0.75 X Ps, that is, the exhaust back pressure is 
equal to */, of the scavenging pressure (gage). They therefore 
apply to the Biichi system where this relation is approximately 
held. An engine supercharged with a separately driven blower 
would expand to a lower Ps and the mean temperature of the ex- 
haust and intake strokes would be lower for the same 7’; and cut- 
off ratio. The negative work on the exhaust stroke would like- 
wise be reduced by the reduction in Ps. 

Cooling of Supercharging Air. The preceding analysis shows 
that a large increase in specific engine capacity may be obtained 
by reducing the initial temperature. This suggests the installa- 
tion of an aftercooler in the blower discharge to reduce the air 
temperature in the engine inlet manifold. 

Curve B in Fig. 8, shows the per cent mean indicated pressure of 
nonsupercharged engine rating, which is obtained when the air 
in the inlet manifold is cooled to blower-intake temperature, and 
T, follows curve B, Fig. 4. 
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The advantages gained by adding this simple equipment 
are so obvious that the introduction of intercooling of the scaveng- 
ing air, especially on marine installations, would seem impera- 
tive. 

SUMMARY 


Supercharged engines should be rated in accordance with 
pressures and mean temperatures as determined by design and 
established practice. 

Increases in engine capacity obtained by oil-cooling the pis- 
tons, increasing the maximum combustion pressure or permitting 
the mean temperature to exceed established limits should not 
be credited to supercharging, because similar improvements or 
increases in temperatures and stresses may be applied to a non- 
supercharged engine, thus increasing its normal rating the same 
amount. 

When supercharged engines are rated at pressures and mean 
temperatures equal to the naturally aspirated engine, the ortho- 
dox system in which the manifold temperature is increased by the 
temperature rise through the blower shows a maximum possible 
increase over the standard engine mean indicated pressure of 
about 34.5 per cent at the optimum pressure of 5 lb. This will 
give an increase of about 42 per cent on the brake mean effective 


pressure. 
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Cooling of the air to reduce 7, has a marked effect on engine 
capacity. 

With the manifold air-cooled to atmospheric temperatures 
the indicated horsepower may be raised to 187 per cent with 7 
lb pressure, and 70 per cent increase in brake horsepower is 
reached at 4 lb supercharging pressure. Without air cooling, 
4 lb permits a 40 per cent increase, and thus for every horse- 
power gained by supercharging, 0.75 hp may be added by cooling 
the manifold air to 90 F. 

In the land-transportation field, air-cooling to atmospheric 
temperature is impractical. However, if the air is cooled in this 
case to 20 deg above atmospheric temperature, the rating in- 
creases from 140 to 158 per cent of the nonsupercharged rating 
at 4 lb pressure. In this example, a locomotive engine rated 
700 hp nonsupercharged would be rated 980 hp when super- 
charged without air-cooling, but 1110 bhp with air cooled to at- 
mospheric temperature plus 20 deg. 

Effective cooling of the manifold air opens the possibilities of 
increasing the brake horsepower 100 per cent without exceeding 
established practical limits of temperatures and pressures. 


Discussion 


Max Essu.3 The author states that the rating of Diesel 
engines is established on the basis of heat limitation and not on 
the basis of smoke and combustion. 

Gasoline engines, in spite of their poorer thermal efficiency, 
are rated much higher than Diesel engines, because they have 
no smoke or fuel-injection problems. 

It is true that such gasoline engines must provide satisfactory 
valves, etc., to operate at these higher mean effective pressures. 
It is believed that Diesel-engine manufacturers would gladly pro- 
vide sodium-cooled valves and other means necessary to operate 
at the higher loads (mean effective pressures) and mean tem- 
peratures if smoke and fuel consumption were not the limitation. 

Regarding gas pressures as a limiting factor in output, the 
writer’s understanding is that the rate of pressure rise but not the 
maximum gas pressure, as such, is a limitation. It is relatively 
easy to design bearings, and the like, for higher gas pressures, 
and the higher outputs obtainable with higher pressures would 
well justify the heavier design necessary for these pressures. 


JoHN FULLEMANN.‘ This paper is particularly valuable, rep- 
resenting as it does an attempt to compute the effects not only 
of plain supercharging but also of scavenging the cylinder. It is 
generally known that scavenging has proved to be at least as im- 
portant to the performance of modern turbocharged engines as 
the supercharging proper. Yet it is rather difficult to evaluate 
accurately the merits of scavenging by means of thermodynamic 
computations. 

During the years the writer worked in Dr. Biichi’s office in 
Switzerland, considerable theoretical work dealing with this type 
of supercharging was done. However, a great deal of additional 
test work and experience were required to enable us to predict 
the proper turbocharged ratings of a new engine with reasonable 
accuracy. Some engines can, with relatively minor adaptations, 
be rated 50 per cent or even higher turbocharged than with normal 
aspiration; in other cases, horsepower increases up to 40 per 
cent are feasible without excessive design changes of the engine. 
Just how much is allowable depends in most cases upon the 
scavenging capabilities of theengine. This indicates that scaven- 


3 Chief Consulting Engineer, The Baldwin Locomotive Works, 
Philadelphia, Pa. 

4 Engineering representative for Dr. Alfred J. Bichi, Winterthur, 
Switzerland (with Walter H. Young, Washington, D. C., U. 3. 
Agent for Dr. Biichi). 
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ging is a rather involved matter. It cannot be evaluated ac- 
curately in a general thermodynamic study which deals with all 
types of engines alike, without regard to their special design 
features. 

The author uses the mean temperature of the cycle as a basis 
for the allowable engine load. The writer is in agreement with 
him that this is a good measuring scale. However, it has one im- 
portant disadvantage: The computations necessary for deter- 
mining this mean temperature have to be based on a number of 
assumptions such as, for instance, the amount of heat picked up 
by the fresh charge before and during the suction stroke. 

The author states that the benefit of scavenging is only due to 
the replacement of exhaust gas in the dead space by fresh air, 
and not to any measurable extent due to the cooling of the walls 
of the combustion space by the scavenging air. With this state- 
ment the writer cannot agree. The author attempts to prove 
this statement with a brief heat-transfer calculation which is 
probably correct except for the many initial assumptions upon 
which his computations have to be based. These assumptions, 
which of course influence the result of the calculations, are open 
to argument. 

There are two reasons for stating that scavenging does more 
than merely replace the exhaust gas remaining in the dead space 
by fresh air: 

1 We find that turbocharged engines with, say, 40 to 50 per 
cent scavenging-air excess can definitely be rated higher than 
those with only 20 to 25 per cent excess over the air used for com- 
bustion. But the smaller amount would be entirely sufficient 
to sweep out the exhaust gas in the dead space, which is only 
about 8 per cent of the swept volume, 

2 The principal reason, however, why the writer disagrees 
with the author’s conclusion will become evident when we ex- 
amine some actual heat balances of nonsupercharged and Biichi- 
turbocharged engines (Table 1 of this discussion). The heat car- 
ried away in the cooling water (plus oil cooler) of a turbocharged 
and scavenged engine amounts to only from 15 to 20 per cent of 
the total fuel-heat content, the actual amount depending upon 
the scavenging capability of the engine. With nonsupercharged 
engines this figure is some 30 to 35 per cent. On the other hand, 
the scavenged engine carries off 35 to 38 per cent of the total 
heat in the exhaust gases and scavenging air, 6 to 8 per cent more 
than the corresponding nonscavenged engine. The author’s 
theory of basing comparable ratings on the same mean tem- 
perature of the cycle does not explain this difference in the heat 
balance. 

The improvement in mechanical efficiency of the supercharged 
engine may account for some 4 per cent drop in cooling-water 
heat. However, since a supercharged engine maintains higher 
pressures during most of the expansion stroke, the heat-transfer 
value, rising with the pressure, would tend to keep the cooling- 
water heat per horsepower at a constant figure. The fact that 
this is not so calls for an explanation, and the only reasonable 
explanation is the fact that the scavenging air must pick up 
heat from the hot cylinder walls before this heat can go through 
the walls into the cooling water. 

Therefore it is felt that the author’s theory of rating engines 
on the mean temperature of the cycle can be made to agree even 
better with actual experiences if greater emphasis is placed upon 
the effects of scavenging in cooling the cylinder walls. 

The writer cannot quite agree with the statement in the paper 
that the low temperature readings on thermocouples in the ex- 
haust port with scavenging are misleading. It is true that those 
thermocouples are exposed alternately to the hot gases as well as 
to the cool scavenging air, but, for example, so are the exhaust 
valves. 

The author is correct in his conclusion that supercharging be- 
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comes more effective if we can cool the air after the blower. He 
refers to Dr. Biichi’s first supercharging tests in the year 1910, 
in which the charging air was cooled before entering the engine. 
In these tests, charging pressures up to 28 psi were used, with 
mean effective pressures more than 200 psi. This was an experi- 
mental engine. Attempts were also made to cool the air on com- 
mercial applications, but it was then found impossible to pro- 
duce an air cooler with sufficiently low pressure drop, sufficient 
effectiveness for the low temperature gradients available, and 
still of reasonable size. 

Since then much progress has been made with air coolers, but 
even today a brief calculation will show that coolers for super- 
charging air will be impractically large, except in the case of rather 
high charging pressures, beyond, say, 7 psi. Thus far, charging 
pressures of 4 to 7 psi have proved to give best over-all perform- 
ance in low-altitude supercharging. The indications are, how- 
ever, that the practical range of air coolers will eventually be 
extended to lower pressures and the charging pressures may be 
increased, so that the resulting combination opens new possibili- 
ties of supercharging. 


TABLE 1 HEAT BALANCES OF BUCHI-TURBOCHARGED VER- 
SU 


8S NONSUPERCHARGED ENGINES 


MAN 6-cylinder, © 
300/380 mm 700 
rpm Biichi-turbo- 


MS Polyphemus,* MS Sycamore, > 


Bichi-turbo- nonsuper- charged, mean 
c harge d charged effective pressure 
100 75 100 75 80 114 148 
per cent per cent percent percent psi psi psi 
—————————-Total heat, per cent———————_.. 
U Jseful ae 32.9 33.9 28.9 28.1 39 39.5 38 
yngine cooling 
water. 16.1 16.6 38.5 38.4 17 15.5 15 
Turbine “cooling 
water. 3.3 2.3 Pare mers 3 2.5 3 
Exhaust-gas heat. 38.5 34.5 24.0 24.0 37 635.5 36 
Air compressor. 9.2 12.7 8.6 9.5 me “ee oN 
M AN 6-cylinder 300/380 mm 700 rpm¢ 
Mep, Btu Btu per 
psi per hr hp hr 
Ne 700 hp (atm) 80 12100 1730 
700 hp (Biichi) 80 8350 1190 
1000 hp (Biichi) 114 10300 1030 
1190 hp (Biichi) 136 12100 1020 
1300 hp (Biichi) 148 13000 1000 


@ Marine Oil Engine Trials Committee, sixth report. 
6 Marine Oil Engine Trials Committee, first report. 
¢ Dr. W. Pflaum, 1936. 


W. M. Kaurrmann.® The problem of supercharging a 4-cycle 
Diesel engine for maximum output is not a simple process of 
converting a standard engine by adding a blower at some con- 
venient place, providing special piping, and replacing the cam- 
shaft with suitably timed cams having a specified overlap for 
scavenging. For a nominal supercharged rating between 35 and 
40 per cent above the standard engine rating, such a conversion 
may be adequate and probably successful. However, where a 
50 per cent increase in power for continuous full-load rating of 
the supercharged conversion is expected, we find that definite 
new design problems are experienced which did not appear at 40 
per cent over standard rating. 

For instance, let us consider a 4-cycle engine which had a com- 
mercial continuous full-load rating of 75 bmep and showed suc- 
cessful performance in numerous installations. When super- 
charged and operated at a sustained load rating of 112.5 bmep, 
this unit began to exhibit operating difficulties after a period of 
30 hr running at this load. Piston rings began to fail, the rings 
wearing down to one half their original wall thickness in this short 
time. Subsequent tests with chrome plating, tinnizing, and 
changing ring width showed no improvement in ring wear. 
Finally, these standard uncooled cast-iron pistons were dis- 


5’ Engineer, Engine Development Division, Worthington Pump & 
Machinery Corporation, Buffalo, N. Y. Mem. A.S.M.E. 
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mantled and a nozzle placed at the top of the connecting rod to 
admit a jet of lubricating oil to the underside of the piston. 

This change required increasing the lubricating-oil rate of flow 
from the pump from 4 to approximately 7 gal per hp-hr for the 
oil-cooled pistons. In addition, a larger oil cooler and larger oil 
filter were installed, and oil grooves in the bearing shells were 
deepened, The ring wear after installation of these pistons was 
negligible and piston scuffing disappeared. This result pointed to 
a substantial increase in heat during the cycle when the 40 per 
cent rating was exceeded, as no difficulties were present at 105 
bmep with an uncooled-piston design. 

It was found also to be imperative that proper consideration 
be given to piston design, cooling, piston-top contour, and 
cylinder head and valve design for maximum output. Major 
changes such as these would indicate that for maximum output 
to be obtained from supercharging requires an engine specifically 
designed around the supercharger and its system. 

Piston contours of standard engines must be altered to promote 
a smooth cross-flow of the scavenging air during the overlap 
period, and recesses must be provided to clear the valve heads. 
Cylinder-head-valve ports should be streamlined, particularly 
where valve cages are employed, as these are generally conducive 
to turbulent flow. Seating the valves directly in the head sim- 
plifies the problem and permits larger diameters of ports. 

The paper is open to criticism in employing a theoretical 
eard for the determination of mean temperature of the cycles. 
However, actual cards taken from a supercharged 4-cycle engine 
closely approximate the theoretical results. 

The paper refers particularly to ratings for continuous full-load 
operation. The point may be made that a number of modern 
engines having oil-cooled pistons are rated at 80 psi with an 
additional overload of 10 per cent for short periods as guaranteed 
by the builders. It follows, therefore, that the mean tempera- 
ture of the cycle is equal to that of the uncooled-piston engines 
at 75 bmep. On this basis, an increase of 40 per cent would give 
112 bmep, which is equivalent to the 50 per cent rating over and 
above the standard uncooled-piston engine. Higher mean effee- 
tive pressures are pointed to in recent developments abroad. 

Possibilities in increasing engine ratings with 2-cycle engines 
were brought out during a discussion at the Oil and Gas Power 
Division Meeting of 1939. It was reported then by Mr. Schneit- 
ter that 250 imep were being developed on a combined 2-cycle 
engine exhaust turbine unit, where the exhaust turbine operated 
as the prime mover receiving its energy from the engine exhaust. 
This development by Sulzer Bros. has been given much publicity 
within the last year. 

The suggested procedure of cooling the scavenge air has been 
applied successfuly to small automotive- and marine-type Diesels 
equipped with engine-driven blowers. A heavy-duty core-type 
air cooler, which uses raw water as coolant, is built into the 
supercharging layout. The application of intercooling of the 
scavenge air to larger engines of the stationary type presents a 
novel approach to higher output possibilities in engines for this 
service. The author has made a worthy contribution in calling 
this to the attention of the industry. 


V. L. Matgev.* The elimination of certain discrepancies in 
the paper, would greatly enhance its value. Many data which 
the author used in his calculations, and which would permit a 
better check of various statements, are not included in the paper, 
while some are contradictory of one another. 

The author’s statement early in the paper, that neither the 
temperature of the residual gases nor the volume of the clearance 
space has any effect on volumetric efficiency, is contrary to what 


Senior Mechanical Engineer, U. S. N. Engineering Experiment 
Station, Annapolis, Md. 
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is generally understood. The temperature of the residual gases 
affects the temperature of the fresh charge and, hence, its specific 
volume, weight, and the volumetric efficiency. The volume of the 
clearance space affects the amount of residual gases left in the 
cylinder and, through it, the amount of fresh air which can be 
taken in. The numerical influence is rather involved, but is taken 
into account by introducing the compression ratio r in the ex- 
pressions of volumetric efficiency.’ 

The author states that in order io find the initial compression 
temperature the volumetric efficiency, which later is desig- 
nated by EZ, must be determined. Unfortunately, he does not 
say how he determined E, i.e., by what measurements and on 
what basis. Was use made of the A.S.M.E., N.T.P., meaning 
p = 14.7 psia and ¢ = 68 F, or the more widely used S.A.E., 
N.T.P., meaning p = 14.7 psia and ¢ = 60 F, or were the actual 
atmospheric conditions® used, in this case p = 14.5 psi and t = 
90 F? He gives only its numerical value as 86 per cent. Later 
in the paper, he also gives the actual amount of air taken in as 
15.8 Ib per min, or 15.8/180 = 0.0878 Ib per eyele. Using this 
value, the volumetric efficiency can be easily checked. On the 
basis of A.S.M.E., N.T.P. with the specifie weight of air = 
0.0752 lb per cu ft. 


E = 0.0878/((1.508 — 0.112) X 0.0752] = 0.836 


On the basis of the 8.A.E., N.T.P., it would be FE = 0.814. On 
the basis of outside conditions, EF = 0.883. Thus, either the 
value E = 0.86 or the amount of fresh air, 15.8 lb per min, is in 
error. 

Equation [1], which the author uses to find the temperature 
increase due to cylinder heating, actually gives the “total’’ tem- 
perature increase of the fresh charge, caused both by cylinder 
heating and mixing with the residual gases. This follows from 
the method of determining the theoretical pressure p; at the dead 
center. Since p; is found by means of p at 45 deg and p at 90 deg, 
where the charge is influenced both by cylinder heating and by 
the residual gases, therefore, p; is the pressure of the charge having 
the volume V; and the temperature 7) = Tatm + tea + ter. There 
are several additional ways of proving it: 

1 The temperature rise computed by Equation [1], with the 
data given at various places in the paper (Tatm = 550 R, pi = 
15 psia, Pam = 14.5 psia, FE = 0.86), when accurately figured, is 
found to be 111.6 F, instead of 110 F as given, but this diserep- 
ancy is not important. A temperature increase of 112 F due to 
cylinder heating alone, when the exhaust temperature 7’. = 
1230 R, Fig. 2, or 770 F, is much higher than ever encountered 
in a compression-ignition oil engine. When considered as the 
total temperature increase with 26 F of it due to residual gases, 
it gives a cylinder heating of (112-26) = 86 F, which is more 
likely, although still high. Thus, this method gives 7, = (550 + 
112), = 662 R. 

2 With the numerical data given in the paper, 7 can be com- 
puted directly. The weight of the fresh air per cycle, with 15.8 
Ib per min given is 


W, = 15.8/(360/2) = 0.0878 lb per cycle 


The weight of the residual gases, with pp = p, = 15 psia; the gas 
constant R = 53.35 < 1.088 = 55.38; V2. = 0.112 cu ft; and 
Ts = 1230 R is 

W, = 0.112 X 15 X 144/(55.38 X 1230) = 0.00355 lb per cycle 
and from the characteristic equation for point 1 


7 “The Internal-Combustion Engine,’ by C. F. Taylor and E. =. 
Taylor, International Text Book Co., Scranton, Pa., 1938, p. 246; also 
“Internal Combustion Engines,’’ by V. L. Maleev, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1933, p. 82. 

8 Ibid., p. 227. 
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= (15 & 144 & 1.508) /(0.0878 53.35 + 0.00355 55.38) = 
667.5 R 
3 Itis regrettable that, in Fig. 1, the author gives a schematic 
diagram and not the theoretical diagram drawn to scale which he 
used in his calculations. Anyway, with the data given in the 
paper, p = 765 psia, V, = 0.17 cu ft, n = 1.45, it is easy to find 
ps = 32.2 psia. Taking 7’; = 1420 R, Fig. 2, gives 


Ts(pi/ps) = 1420(15/32.2) = 661.5 R 


Thus for 7; all three methods give values which are in satisfac- 
tory agreement, i.e., 661.6, 667.5, and 661.5 R, an average of 
about 22.5 F lower than computed in the paper. 

In respect to cylinder heating of the supercharged engine, it is 
not clear why in Equation [9], the author introduced the ex- 
ponent 0.71, when the temperature rise is inversely proportional 
to the first power of the weight heated. 

Finally it would be interesting to obtain an explanation of how 
it did happen, that in a nonsupercharged engine the pressure at 
the beginning of the compression was higher than the atmospheric 
pressure, p; = 15 psia and parm = 14.5 psia. 


R. B. Smivu.’ The problem of applying a supercharger to a 
Diesel engine is one that should be approached co-operatively be- 
tween the engine designer and the supercharger builder. The 
allowable rating which an engine is capable of absorbing is within 
the control and knowledge of the designer only. Each manu- 
facturer establishes his limits by a combination of analysis and 
practical experience. In the particular case under discussion, the 
author has proposed to limit his operation to an average static 
temperature, determined on the basis of an idealized indicator 
card with the engine working at a constant combustion pressure. 

The determination of average operating temperature is not a 
function of temperature alone; it is more specifically one of heat 
transfer involving considerations of velocity, density, and time. 
Particularly is this true during the scavenging period, when a high- 
velocity stream scrubs the exposed surfaces of the piston head and 
cylinder walls. The influence of supercharging on the mecha- 
nism of combustion would also appear to be a consideration which 
cannot be neglected, inasmuch as the increased temperature of 
the charge alters the ignition time lag. 

If the author’s Fig. 2 represents a typical static temperature 
distribution of the cycle, it is interesting to note that approxi- 
mately two thirds of the area beneath the curve is contributed 
by the compression, exhaust, and suction strokes. Over much 
of this time, the cylinder walls are probably being cooled rather 
than heated. A considerable volume of test data secured on 
Diesel engines points to the fact that the total heat absorbed 
by the water jacket and oil cooler is the same whether the engine 
be supercharged or nonsupercharged. While this does not estab- 
lish the fact that the average temperature of the cylinder walls 
is identical under the two operating conditions, it would seem 
to lend weight to the interpretation that the average temperature 
varies by only a slight amount. 

The author’s Fig. 8 points to the rather interesting conclusion 
that with uncooled charging air, supercharging in excess of 4 
psi is uneconomical. Experience with Biichi supercharging 
systems has shown that a charging pressure in excess of 4 to 5 psi 
is not a necessity. If a higher engine rating is desired, it has been 
possible to achieve it by an increase in the scavenging air and a 
decrease in the excess air for combustion. Roughly, this is repre- 
sented by designing a supercharging system so that the product 
of the excess-air ratio and the scavenging-air ratio is a constant. 

The author is quite free to admit that the trend of curve A, 


® Director of Research and Development, Elliott Company, Jean- 
nette,Pa. Mem. A.S.M.E. 


693 


Fig. 8, is an extrapolation based on the analysis that he presents. 
If the trend of curve A had been such as to pass through 150 per 
cent increase in the mean indicated pressure for 6 psi of super- 
charging pressure, the conclusion reached regarding a maximum of 
34.5 per cent increase in indicated pressure would have been 
altered. Working backward by means of the author’s Figs. 
6 and 7, it is apparent that this alteration in the trend of curve 
A can be achieved with only 40 to 50 deg change in the average 
temperature of the cycle. 

Eichelberger has suggested on the basis of the analysis of 
numerous indicator cards that the combustion process is one 
which takes place partly at constant volume, partly at constant 
pressure, and partly at constant temperature. The nature of 
the combustion process depends upon a number of variables not 
yet clearly understood, but it is certainly influenced by condi- 
tions which may be altered when an engine is adapted to super- 
charging. It would appear, therefore, that any conclusion, 
based on a 50-deg temperature difference and established by an 
idealized set of circumstances, should be subject to close scrutiny 
before it is universally adopted by the profession. 

There have been some installations on which piston trouble 
has developed after supercharging, even when the engine has not 
been abnormally rerated. The writer is of the opinion that these 
failures are in a large part attributed to a fatigue condition which 
starts at the material surfaces as a result of temperature varia- 
tions. Turbine practice has established that the presence of a 
sharp corner in a stream of varying temperature will magnify 
the contact-temperature stresses which exist in the thinnest 
outer layers of material to such a degree that they may exceed 
the endurance limit of the material. The introduction of scav- 
enging air may possibly attenuate the temperature variations to 
which the piston crown is subjected, and bring about a condition 
which on first glance may be attributed to an average tempera- 
ture but is instead a localized surface phenomenon. 


AvuTHOR’s CLOSURE 


In reply to Mr. Essl’s comment we must first agree upon the 
reliability or endurance factor when speaking of standard ratings 
(mean effective pressure). The engine discussed in this paper is 
rated for continuous full-load operation at 76 lb bmep. Gaso- 
line engines, or engines operating on natural gas, which have 
the same temperature characteristics, are rated below 76 lb bmep 
for continuous full-load service; usually between 65 and 70 Ib 
bmep. 

Analysis, completed by the author since the paper was pre- 
sented, shows that a gas engine with 5 to 1 compression ratio 
reaches a cycle mean temperature of 1600 R abs at 65 bmep, 
which is 200 deg higher than the Diesel engine at 76 Ib bmep. 
To carry this higher temperature, gas-engine pistons, and some- 
times exhaust valves, are usually oil- or water-cooled. When it 
is seen that this derating and addition of cooling is carried cut, 
even where Diesel engines are converted to operate on gas, it' be- 
comes obvious that load is limited by temperature not pressure. 

To take advantage of the high smoke limit of well-developed 
combustion chambers, which may be as high as 100 lb bmep, such 
engines are being built with cooled pistons and other features 
permitting increases in mean effective pressures of 10 per cent or 
more. The author has long advocated the use of oil-cooled pis- 
tons and believes that this feature will be adopted generally in 
engine designs of the future. 

The author does not deny Mr. Fullemann’s statement that some 
cooling is effected by the scavenging air, but the benefit measured 
in horsepower is small. The mass of the thermocouple is but a 
fraction of the mass of the piston head, exhaust valve, etc. 
Therefore with the same quantity of air passing over both the 
temperature drop of the thermocouple will be much greater. 
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An engine which operated nonsupercharged with 725 F exhaust 
temperature was supercharged some 3 years ago by a Mid- 

western company. At 4 lb supercharging pressure, the load 

could be carried up to 132 Ib bmep before an exhaust temperature 

of 725 F was reached. Obviously, this was on overload, and pis- 

ton and valve trouble soon developed when it was attempted to 

operate at equal exhaust temperature. At 115 lb bmep, the 

temperature was 640 F, and this is approximately the load giving 

normal nonsupercharged cycle mean temperature. 

The temperature of the charge during the compression stroke 
is readily determined with reasonable accuracy by the method 
outlined in the paper. 

Mr. Fullemann states that 40 to 50 per cent scavenging defi- 
nitely permits higher ratings than 20 to 25 per cent. However, 
the method by which this gain was recorded is not mentioned. 
If readings of thermocouple temperatures were used the gain was 
much smaller than indicated, as previously explained. 

Mr. Fullemann seems to be confused in the use of quantities 
when expressed in per cent. When he states: ‘The author’s 
theory of basing comparable rating on the same mean tempera- 
ture of the cycle does not explain the difference in the heat bal- 
ance,” his Table 1 is given to prove this. 

If a supercharged engine carries 150 per cent of the rating of 
the same engine nonsupercharged with the same cycle mean 
temperature, then the heat flow to the water jackets should be 
substantially equal in the two engines at these respective loads. 

With equal fuel consumptions per indicated brake horsepower 
per hour, the supercharged engine will then have a total fuel heat 
50 per cent greater than the total heat in the nonsupercharged 
engine. Therefore, if the heat balance of the latter shows 30 
per cent of the total heat in the cooling water, this quantity of 
heat becomes 20 per cent of the total in the supercharged engine. 

Measuring the heat flow to the cooling water provides a sound 
and practical method of determining the correct rating for a 
supercharged engine. Mr. Fullemann’s Table 1 shows that at 
136 lb mep, the heat flow to cooling water in the supercharged is 
the same as in the nonsupercharged engine at 80lbmep; namely, 
12,100 Rtu per hr. Under these conditions the temperatures of 
the parts exposed to combustion must be equal. 

On this basis of mean indicated pressure, the table shows an in- 
crease of 57 per cent for equal cycle mean temperature when 
supercharging the 300 X 380-mm M.A.N. engine. 

The method outlined by the author shows an increase of 53 per 
cent with 5 lb manifold pressure without cooling the air, Fig. 9 
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of this closure. The difference of 4 per cent is probably due to 
increasing maximum cylinder pressures in the M.A.N. engine, 
whereas the author’s calculations are based upon constant 
maximum pressure. 

Thus when correctly interpreted, the data submitted by Mr. 
Fullemann actually verify and confirm the method developed by 
the author. 


AUGUST, 1943 


In reply to a point raised by Mr. Kauffmann, when a piston is 
cooled by circulation of oil against the underside of the crown, 
the heat flow through the piston crown is not necessarily increased 
above that of the uncooled piston, but the flow is diverted from 
the usual path to the piston rings, the cylinder liner, and cooling 
water into the piston-cooling oil. This is borne out by heat- 
balance tests which show that the total heat to jacket water plus 
the heat to the piston-cooling oil is approximately the same as the 
total heat to the jacket water in the engine with noncooled pis- 
tons. This is, of course, the reason for the much better perform- 
ance of piston rings in oil-cooled than in uncooled pistons. 

In answering Mr. Maleev’s discussion, it is not the purpose of 
the paper to describe methods of determining the volumetric 
efficiency of a nonsupercharged four-cycle engine. Such methods 
are well known and tried. The volumetric efficiency of the 
engine discussed in the paper was found to be 86 per cent, that is, 
the wei: ht of air taken in was equal to 86 per cent of the weight 
of a volume of air equal to the piston displacement at intake- 
manifold conditions. For determination of temperatures, mani- 
fold conditions were assumed to be 90 F and 14.5 psia, giving the 
lowest density at which sea-level performance is usually guaran- 
teed. 

In Equation [9] of the paper, the fraction in the bracket is the 
ratio of air taken in by the nonsupercharged and the supercharged 
engine. The values were taken from actual tests with inlet 
conditions of 76 F and 14.5 psia. This ratio is not affected by 
intake conditions so long as they are the same for both engines. 
The value 15.8 lb is therefore correct and shows a volumetric 
efficiency of 86 per cent. 

The tests showed that cylinder heating is not inversely propor- 
tional to the first power of the weight of air. Evidently the heat- 
transfer rate from the cylinder walls to the air increases with its 
density. Equation [9] satisfied the conditions found in this 
particular engine at 4 lb supercharging pressure. The exponent 
0.71 may be determined for engines having other characteristics. 

Mr. Maleev outlines three methods by which he portends to 
prove that the author’s formulas for determination of 7; are in- 
correct. 

The first is based on the opinion that a cylinder heating of 110 F 
is too high and that Equation [1] of the paper gives total heating. 
No proof is submitted. 

The second method is correct, but Mr. Maleev uses a wrong 
value for the air weight; 15.8 must be changed to 15.4 as just 
explained for intake conditions of 14.5 lb psi. and 90 F. Then, 
Mr. Maleev’s formula gives 


T; = (15 X 144 X 1.508)(0.08558 x 53.35 x 0.00355 

X 55.38) = 683 R 
Now using Equation [2] for residual gas heating, t,, is found to be 
22 F (actually it is slightly greater because the formula purposely 


neglects the difference in specific heats, the error being small), 
and since 


T; = + ta + [2] 
te, = 683 — 550 — 22 = 111 F 


In the third method, it is assumed that the weight of the charge 
must remain the same during that part of the cycle between 


points 1 and 5. 
Thus from 
WiRiT, 
Vs 


= W, 
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and therefore 


= Pt 
In this 
R, = 53.35 
R, = 55.38 
P, = 15 psia 
P, = 32.4 psia 
T; = 1420R 
so that 


_ 15 X 55.38 X 1420 


32.4 X 53.35 


= 683 R 

The relation given by Mr. Maleev neglects the fact that the 
composition of the working substance changes during the cycle. 

Mr. Maleev questions the correctness of the author’s findings 
that when residual gas pressures are equal to P; the residual 
gases have no effect on volumetric efficiency in a four-cycle 
engine. 

Since we are considering the effect of clearance gases only, let 
us assume that there is no heat flow between the fluid in the 
cylinder and the surrounding walls; also assume that P; equals 
Pam. Let us say that the clearance volume is 8 unit volumes 
and the piston displacement 100 unit volumes. Let the tempera- 
ture of the residual gases be 1000 R and the air 500 R. 

At the end of the suction stroke the total cylinder volume will 
be 108 units. The temperature of the mixture of gas and air 
will be 519.23 R (Equation [2)}). 

The original volume of the air has then expanded to 
100 X 519.23 
500 

8 X 519.23 
to 

1000 

The sum of the volumes at 519.23 F is 108, that is, as the in- 
coming air mixes with the residual gases, the latter are cooled and 
the air is heated. However, the contraction of the gases equals 
the expansion of the air. Therefore neither residual gas tem- 
peratures nor volume has any effect upon the volumetric effici- 
ency. 

Due to the difference in specific heats of the residual gases and 
air, there is actually a small loss in volumetric efficiency, but 
calculations show it to be less than 1 per cent. 

If the exhaust back pressure is greater than the suction pressure 
P,, the volumetric efficiency is reduced by the expansion of the 
gases from P, to Pi; however, by making proper substitutions in 
Equation [2], the ¢,, value can be calculated. 

If the manifold pressure is throttled below atmospheric pres- 
sure, then manifold pressure and temperature must be substituted 
for Patm and T'atm in Equations [1] and [2]. 

Mr. Smith is correct in stating that the engine operating 
temperature is a function of velocity, density, and time, as well as 
temperature. However, when considering the same engine, 
supercharged and nonsupercharged, time and velocity factors 
remain constant. At low velocities, such as prevail in quiescent 
combustion chambers, the heat flow increases very little with 
density. During the suction stroke when heat flow reverses, the 
effect would be to increase the cooling of the walls, thus canceling 
the heating effect on the compression stroke. For lack of exact 
knowledge on the subject, it is assumed that any increase in heat 
flow, due to density during expansion and exhaust strokes, will be 
balanced by the heat removed from the walls by the scavenging 
air. 

The compression exponent gives an indication of the rate of 
increase in heat transfer. When the suction pressure is increased 


= 103.845 unit volumes. The gas has contracted 


= 4.155 unit volumes. 
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from 14.5 to 18.5, the actual diagrams show that the compression 
exponent is greater in the supercharged engine, and it was found 
that the total heat lost at the end of the compression is only 5 
per cent more than in the nonsupercharged engine. Had the 
exponents remained the same, the heat loss and therefore the 
heating of the walls would have increased by 28 per cent for the 
same mean temperature. Investigations of heating of the air 
during the suction stroke, when the heat flow is from the walls to 
the air charge, also indicate that the heat transfer is only slightly 
affected by change in density. In the nonsupercharged engine, 
this heat flow was found to be 2.33 Btu per stroke (110 deg heat- 
ing). In the supercharged engine the heating was found to be 76 
deg, indicating a heat flow of only 2 Btu or a reduction of heat 
flow with the higher density. This is probably explained by the 
fact that about 0.75 Btu is removed by the scavenging air prior to 
the suction stroke. 

Engines with high turbulence, such as the dual-spray type SI or 
Ricardo Comet, probably will be affected more by the density in- 
crease caused by the high scouring velocity. The test engine 
with quiescent combustion chamber, as just explained, shows 
very little increase in heat flow with increased density. 

To correct for density, when calculating a high-turbulence 
engine, the average gas-film heat-flow coefficient must be deter- 
mined from the calculated heat loss on the compression stroke. 
This can then be converted into equivalent temperature difference 
between mean-stroke temperature and the cooling water. The 
cycle mean temperature, which will transmit the same heat to the 
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walls as the nonsupercharged engine, can then be calculated. 
This is rather irvolved and the method has not been developed. 

The simplest method of all is to measure the heat loss to the 
water jacket. Great accuracy is required, because a small 
difference in heat represents a large increment of power. 

Mr. Smith correctly states that the proper rating of the super- 
charged engine is at the load where the heat loss to the water 
jackets is equal to that obtained from) the nonsupercharged 
engine, 

As shown in Fig. 4 of the paper, 7) in the supercharged engine 
does not reach the value of 7) which is calculated for the non- 
supercharged engine until the pressure is 6 Ib gage. The final 
compression temperature in the supercharged engine reaches the 
temperature in the nonsupercharged engine at 4 lb gage, however, 
due to the increase in compression exponent. The effeet on igni- 
tion delay will therefore be negligible at 4 Ib pressure. Actual 
diagrams also show that the combustion progresses along similar 
paths in both engines, Figs. 10 and 11 of this closure. 

We know from a study of the diagrams that heat is transferred 
from the air to the cylinder walls during the compression stroke, 
and, since the mean temperature of that stroke is about 900 R, it 
follows that the walls must be cooler. 

Heat flow from the walls to the air can only occur during that 
part of the suction stroke when the temperature of the air is 
relatively low, Fig. 12. 

Fig. 8 of the paper is plotted for theoretical diagrams, as ex- 
plained. When compared with actual diagrams, the cycle mean 
temperature at equal loads was found to be too low. Fig. 9 of 
this closure, is plotted from theoretical diagrams having compres- 
sion exponents equal to the average exponent of the actual dia- 
gram and expansion exponents selected to give the same cycle 
mean temperature as the actual diagram at equal loads, super- 
charging pressure, and T). 


TRANSACTIONS OF THE AS 


AUGUST, 1948 


Only one point, namely, 4 Ib supercharging pressure is actually 


ealeulated, ‘The loads for other pressures are interpolated and 
extrapolated, but only as to 7) which is caleulated for each pres- 
sure by using Equation [9] of the paper, 


the rating points are fixed, 


When 7'; is determined 
Moving the 6-lb rating to 150 per 
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cent in Fig. 8, as suggested by Mr. Smith, can be done only by 
lowering 7, from 689 to 660. The temperature rise through the 
blower is 74 F for 6 lb pressure, and, with atmospheric tempera- 
ture 550 R, this would reduce the cylinder heating from 65 F as 
calculated by Equation [9] to 36 F. It is not probable that the 
cylinder heating will drop from 76 F as found at 4 Ib pressure to 
36 F at 6 lb pressure, when the blower capacity at 6 Ib increases 
only about 16 per cent over that at 4 Ib. 
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Inlet-Air-Temperature Correction in a 
Roots Supercharger 


By F. A. HIERSCH,! ANN ARBOR, MICH. 


This paper gives an Equation [1], in which volumetric 
efficiency may be substituted to obtain an inlet-air-tem- 
perature correction in a Roots supercharger. A_ typical 
application of Equation [1] is given at the close of the 
paper. Calculations from extensive test data* indicate that 
the use of this equation yields uniformly consistent values 
of n over the pressure range given. Comparison with the 
values of n, obtained by the use of a ‘“‘speed coefficient,’”* 
indicates a constant numerical difference in most cases; 
the correction by Equation (1| being characterized by lower 
numerical values of n than those obtained by means of 
the speed-coefficient correction. 


OMPRESSION efliciency is usually determined on the 
C basis of temperature and pressure measurements taken 
at the compressor inlet and outlet. The usual method of 
measuring the inlet-air temperature does not account for the 
effect of volumetric efliciency on the intake-air temperature. 
When the volumetric efficiency is less than 100 per cent, the 
slippage of air from the outlet back into the next inlet charge 
will raise the temperature of the inlet air from 7, to 7)’, where 
T,' is given by the equation 
T,’ = T, + AT(s + 8*)..... 
and where 7, = intake-air temperature as usually measured 
7,’ = corrected air temperature 
AT = (T:—T)) 
T, = outlet-air temperature 
s = slippage per cent in decimal form 


It follows from Equation [1] that 


AT 
where 
AT’ = (T,’ — T)) 
and 
AT,’ 
where 


AT,’ = (T; — 


These equations may be used to express the percentage of over- 


all temperature rise due, respectively, to slip and to compressor 
work in one cycle. 


' Department of Mechanical Engineering, University of Michigan. 

? Data taken from ‘“‘The Comparative Performance of Roots 
Type Aireraft-Engine Supercharger as Affected by Change in Im- 
peller Speed and Displacement,’’ by M. Ware and E. E. Wilson, 
U.S. National Advisory Committee for Aeronautics, Technical 
Report, No. 284, 1928. 

Ibid., p. 9. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 30-Dec. 4, 1942, of 
THE AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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ie 
—, anc 
ratio, the net compressor-temperature-rise ratio and the slip-— 
temperature-rise ratio, respectively. 


Likewise give the over-all temperature-rise 


Having separated these compression components, we may al- 
locate work input and efficiencies accordingly. 


DERIVATION OF Equation [1] 


In a Roots supercharger, when the ratio of the discharge to 
inlet pressure is increased while all other variables remain con- 
stant, the air-temperature rise is greater than the pressure rise 
would lead one to expect. We may assume that this occurs pri- 
marily because air, heated by initial compression, slips from the 
discharge side of the impeller into the intake air, where it is as- 
sumed to mix at constant pressure, and increases the temperature 
of the intake charge. This mixture of slippage air and the new 
charge will be compressed and discharged in the second revolu- 
tion, and a percentage of the mixture will slip back and be com- 
pressed in the third revolution, and so on. 

The first slippage volume will contain particles of air from the 
first discharge volume only; the second slippage volume will 
be a mixture of particles from the first and second revolutions, 
etc. Each succeeding revolution will contain a smaller percent- 
age of the first volume of air to slip back, but the final particle 
of the first slippage volume present in the nth revolution will have 
received n times the heat of compression received by a particle 
discharged in 1 revolution. The portion of the first volume of 
slippage of air present in the nth revolution is equal to the per- 
centage of slippage air raised to the nth power. The total siip- 
page volume in the nth revolution will be a mixture of particles 
from the first x slippage volumes, as given by Equation [4). 
In the following development these arguments are applied in each 
revolution to every particle of air which slips back from discharge 
to intake. 

If we neglect casing-temperature effects, the Joule-Thomson ef- 
fect, frictional and eddying losses, and velocity, temperature, and 
pressure changes in the air during throttling back to intake, 
and maintain constant revolutions, we may then consider only the 
temperature change in the intake charge due to the addition of 
the percentage of the theoretical discharge air which slips back 
to the intake side of the impeller. 

We might likewise determine the theoretical pressure rise 
in the air confined between the impeller and casing wall, assum- 
ing the addition of the slippage air to the geometric-displacement 
volume, and adiabatic-pressure equalization between the slip- 
page air and the new charge. However, the physical situation 
at this point relative to pressure changes is not easily evident. 

Assuming the conditions given, we may now determine the 
slippage-air weight and heat content in each revolution from 1 to 
n. 

Let x per cent of the geometrical displacement equal slippage 
loss in the first revolution; then the volume of the displacement 


in the first revolution, which is returned to the intake charge in n 
revolutions, is 


(1 — 2") 


1—?2, 


t+ +r = 


J 
: 
> 
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Reading horizontally, Table 1 enables us to follow the history of 
an initial slippage volume of z per cent, as it is carried through 
n revolutions. Reading vertically gives the slippage content 
in each revolution. 

Now, if the per cent slippage is small, powers of x, higher than, 


TABLE 1 
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note the additional fact that, in returning twice, the particle has 
been heated twice and, therefore, will have twice the heat con- 
tent per unit weight added to it in the 2 revolutions. In 3 
revolutions (.c)-(2):(.7) per cent will have three increments of heat 
added per unit weight, and so on. Table 2 traces the history 


Rev. no. 1 2 3 4 5 6 7 8 EAE ST, 
Charge 

no, 

3 + + xy... 

i (a 1)] 
n—3 In-3, a-3 + F2n-3, n-2... + 


Nore: The jth column gives the slippage content in the (¢ + 1)th intake charge. 
TABLE 2. HEAT RETURNED PER REVOLUTION 
Rev. no. 1 2 3 4 5 7 vases ' 
Charge 
no. 
hu + + 3hisr? 4+ + nhinen 
2 hee + Qhesr + Shur? + ........ ‘ + (n 
3 + + + + + (n 2)hs, 
4 he + + Sheer? + + ... 
5 hss + + 3Asrx? + + + 
n—1 + i, 


say, 2,,° may be neglected; however, whether the per cent slip- 

page is large or small, we may solve for z,; as follows: 

(1 to n): = X22 + = X33 + X23 + = + X54 
+ + = + + + F's + = ete. 

where the successive expressions represent the slippage-air con- 


tent in the corresponding intake charges after the first, second, 
third, fourth, and fifth revolutions 


x; (1 — 2,") 
1— 2; 
_ — 0) 


for large n only. 


The effect of the first several revolutions will ordinarily be small 
in comparison with the remaining revolutions in a test run, and, 
since the particles treated are identical in properties, we may drop 
the subscripts and write 


1— 2" 
=s = (slippage) = [4] 
for large values of n only. 
8 
1+s 


(x may be described as that portion of the slippage air which has 
been returned only once. It is therefore the largest of the slip- 
page portions making up the slippage sum s.) 

Having solved for z in this expression, we.now write an expres- 
sion for the heat content of each particle as it is involved his- 
torically in the slippage. We note that if x per cent slips back in 
1 revolution, then (x)-(x) per cent of that same particle will slip 
back in the second revolution, etc., as noted previously. We now 


Ana 


of the heat value of each particle of air that is involved in the 
slippage volume, and an equation is given which sums up 
the enthalpy of the returned volume, where h,, = enthalpy of the 
per cent slippage. 

The “charge number,’”’ Table 2 reading horizontally, gives the 
history of the enthalpy returned in n successive revolutions, by 
a single particle starting with a given revolution. The “enthalpy 
returned,” reading vertically, is the Btu returned to the intake in 
any given | revolution. For n revolutions the enthalpy returned 
in the jth revolution is equal to the enthalpy returned in the nth 
revolution, or 

(hy; — hin) = 0 


Therefore, for the nth revolution, the heat returned in 1 revolu- 
tion, is 
H = (v) (p) (c,) (2 + 2x? + 3x3 + + + nx") 


where v = displaced volume; p = air density; c, = specific heat 
of air at constant pressure. ‘ 
Let (v)(p)(c,) = k then 


x + 21? + 373 ++...4+ nz" 
H —xH)=k 
( 
= k(z + 2% + +........ +2" —nz"t1) 
1 n 
(H — xH) =k k since nx" +! = 0, 
1—z 
ka(1 — 2” 
therefore H = ee Btu per deg F 
(1 — 2)? 
kx 


for large values of n. 
The results of Equation [6] could have been obtained by 
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arguing that the events experienced by any change in n revolu- 
tions are represented identically by the terms in the 7th column; 
therefore we may sum a row instead of a column. However, 
this process also requires the assumption of equal heat increments 
per unit weight during each compression, i.e., (Aj; — hi) = 0. 
Therefore the two processes are equivalent. For the total tem- 
perature difference between intake and outlet air 


AT = (T; 


AT 
af? H( AT) = 
| x)* 
substituting Equation [5] in Equation [7] 


Since the temperature rise in the intake charge just before com- 
I ge 

pression results from the enthalpy of the slippage air between the 

temperatures 7; and 7, 


H AT 


(Ib air disp/rev) (c,) 
WAT LT 


kAT(s + 8?) De, AT(s + 87) 
= 1 = + 
De,, De 


T,’ = T, + AT(s + (1] 
Equations [2] and [3] follow, as given previously. 


APPLICATIONS OF EQUATIONS 


Example:  8.25-in. supercharger; displacement = 0.382 cu 
ft per revolution; at 2935 rpm, measured delivery = 0.782 Ib 
air per sec; 7, = 519 F abs; 7: = 624.36 F abs; = 14.7 psia; 


pi = 8.79 psia. Weight of air in intake at 519 F abs 


(8.79) (144) (0.382) 


w= Ne = 0.01745 lb per revolution (displaced) 
(53.35) (519) 
(0.782) (60) 
w= — 9035 = 0.01600 lb per revolution (measured) 
volumetric efficiency = 91.65 per cent 


per cent slip = 8.35 
AT = (T, — 7;) = 105.36 F 


Applying Equation [1] 
T\’ = 519 + (106) (0.0835 + 0.0835*) 


= 519 + 9.54 


+ s? = 0.0954 [11] 
ar’ 1 — (s + s*) = 0.9046 [12] 
AT s = 0.9040......... 

624.36 
519 
528.54 
—— me ——— 1,018 14 
519 
624.36 
T;' 528.54 
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The rise in temperature between 7’, the corrected inlet-air 
temperature, and 72, the discharge temperature, gives a tempera- 
ture rise indicative of work done on the air in 1 delivery revolution, 
while the over-all change in temperature 7; and 7; must include 
work of compression done in 1 revolution plus work done on 
portions of slippage air during preceding revolutions. 

For a polytropie 


Using the observed values of 7 and p 


n—1 
(1.671) " =1.203 n = 1.562 
Using Equation [16] with the “speed coefficient,” C = 1.01 
(2) (17] 
Pi T; 
(1.01) (1.671) " = 1.203 
n = 1.514 
Using T;’, the corrected value of 7; 
n—1 
(2) 
Pi Ty’ 
(14.7) ” 624.36 
(8.79) «528.54 
n—1 
(1.671) " = 1.180 
n = 1.484 


Using the data given by Ware and Wilson,? further calculations 
indicate that the values of n, obtained by substitution in Equa- 
tions [1] and [18] in this paper, are usually lower than those 
obtained by use of Equation [17], in which a “speed coefficient” 
is applied. 

It appears that Equation [1] may be useful in establishing 
performance standards for positive-displacement blowers in- 
cluding double-acting multistage reciprocating compressors. 

Using an equation giving optimum rotor diameter‘ in terms of 
known factors, it should be possible to indicate the maximum 
“inlet-air-temperature correction” expected in a given design. 


Discussion 


W.L.H.Doyte.’ Thinking particularly in terms of engine de- 
velopment, it is desirable to be able to compare performances of 
various makes and sizes of Roots type blowers on a common basis. 
It is significant that at this time there are decided differences in 
manner of measurement and interpretation of test results 
among the various blower manufacturers, and this obviously 
handicaps the engine builder where these blowers are parts of his 
supercharged-engine developments. 

This condition to a large degree is due to the lack of a suitable 
standardized scheme for test-installation assemblies and to un- 
suitable instrumentation technique. In most of the test assem- 


‘Das Rootsgeblise als Ladungsdichter an Mercedes-Benz 
Motern,”’ by K. Schopper, Automobiltechnische Zeitschrift, vol. 10, 
1935, p. 28. 

’ Research Engineer, Caterpillar Tractor Company, Peoria, II. 
Mem. A.S.M.E. 
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blies, it is the practice to apply some form of silencing and inter- 
connecting piping for attaching to the actual blower intake and 
discharge. These test-assembly setups are never representative 
of the final blower installation on the engine to which they are 
ultimately applied, and in fact are frequently materially altered 
by the same builder from one test to another. Thus complex 
and unrepresentative surge- and flow-reaction conditions are fre- 
quently introduced at the blower intake and discharge, which are 
peculiar to the particular test assembly. The manner of deter- 
mining pressures and temperatures is also not suitably repre- 
sentative of actual conditions. These various factors serve to 
explain some of the confusing discrepancies between test per- 
formances of the various sizes and makes of blowers and the 
performances in the actual engine assemblies. 

This type of compressor is assuming a significant position as 
a supercharged-engine auxiliary. In the interest of its develop- 
ment, it becomes increasingly important, that results of testing 
of the device be obtained within given limits of accuracy and 
that they be expressed on a basis such that all performances may 
be made truly comparable. To this end the writer would recom- 
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mend that steps be taken to set up a test procedure which 
will establish suitable standardized general details for test as- 
semblies and for the important considerations involving instru- 
mentation technique. It is further suggested that reported de- 
livery rates be expressed in pounds and this, together with all 
other pertinent data, be plotted to the ratio of pressure rise 
through the blower as the common variable or abscissa, which 
brings out the significant factor of pressure depression at the 
blower intake. 


AUTHOR’s CLOSURE 


The author wishes to express his concurrence with Mr. Doyle 
in the need for “a standardized scheme for test-installation 
assemblies,”’ 

In the very near future, the author hopes to submit a paper to 
the A.S.M.E. entitled: ‘Proposed Expressions for Roots 
Supercharger Design Efficiencies,”’ applied to blowers without and 
with built-in compression ratios, Should these expressions prove 
acceptable to manufacturers and users, they may aid in giving 
standard evaluations of various designs. 
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A Practical Way to Prevent 


Embrittlement Cracking 


Suggestions are given for applying methods of preventing 
embrittlement cracking which are based upon the results 
of a great number of tests with the embrittlement detector 
on operating boilers. A summary is given in tabular form 
of more than 900 plant tests of this nature on variously 
treated boiler waters. The method of water treatment, the 
sources of supply of chemicals, and the most desirable 
conditions of application for sodium nitrate, quebracho 
extract, waste sulphite liquor, and zero-caustic alkalinity 
are discussed. These methods of chemical treatment for 
preventing embrittlement are compared. 


ing of The American Society of Mechanical Engineers in- 

dicated that several methods have been developed for 
preventing embrittlement cracking which gave satisfactory re- 
sults in laboratory and plant testing. It is now possible to offer 
definite, practical suggestions for the application of these 
methods, based upon the results from a large number of tests 
with the embrittlement detector on operating boilers. 

The embrittlement detector illustrated in Fig. 1 establishes 
under a test specimen the conditions that may cause embrittle- 
ment cracking in riveted seams, that is, boiler water concentrated 
in contact with highly stressed metal. Attached to a boiler, the 
apparatus exposes the specimen to the boiler water in the same 
manner as a riveted seam may be exposed under operating con- 
ditions. Embrittlement cracking of the test specimen indicates 
that the boiler water can cause failure in the boiler, provided 
similar conditions of concentration and metal stress exist in the 
seam. The detector test therefore permits differentiation be- 
tween boiler waters that are capable of producing embrittlement 
cracking and those that are not, as well as testing of methods of 
chemical control to eliminate this tendency in the first class of 
boiler waters. 

Table 1 summarizes the results of more than 900 plant tests 
on variously treated boiler waters. Thirty-five tests, in which 
none of the specimens was cracked, have been excluded from this 
table because the detector was known to have been improperly 
operated. Except for 187 specimens, exposed on 15 switch en- 
gines of the Chesapeake & Ohio Railway, the tests were all run by 
plant personnel on stationary boilers operated at pressures from 
100 to 1450 psi. 

Occasional difficulties were experienced in the operation of the 
detector, which was probably unavoidable in field testing by so 
many individuals in more than 200 plants; but less than 5 per 


“| Embrittlement Symposium‘ at the 1941 Annual Meet- 


‘This paper is published by permission of the Director of the 
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cent of the tests had to be discarded. The co-operation has been 
wholehearted, and the results have been satisfactorily consistent. 
This paper presents the findings not of laboratory research but 
rather of a collective effort by engineers to solve a serious operat- 
ing problem. The authors wish to thank the organizations and 
individuals co-operating in this work for their assistance in the 
accumulation of this information. 

The data are grouped to show the results of the most satis- 
factory methods for controlling embrittlement cracking. Each 
method includes the concentrations or ratios that prevented 
cracking within the suitable pressure range. Sodium nitrate, 
quebracho extract, and lignin-containing paper-mill waste in- 
hibited intercrystalline attack by caustic soda. The treatment 
designated as “zero-caustic alkalinity,’”’ on the other hand, sub- 
stituted phosphate alkalinity for caustic alkalinity, and therefore 
eliminated the major chemical which causes cracking and made 
the use of an inhibitor unnecessary. 

The chemicals used in this work to prevent cracking were pres- 
ent in the boiler water in a definite minimum ratio to the total 
alkalinity,5 expressed as sodium hydroxide. The concentrations 


5 Since caustic alkalinity is the primary factor causing embrittle- 
ment cracking, the ratio should be expressed in terms of the concen- 
tration of this substance. There are several reasons, however, for 
including carbonate alkalinity in the ratio. These are (1) the possi- 


ADJUSTING SCREW 
: 
4 
= 


702 TRANSACTIONS OF THE A.S.M.E. 


were determined by chemical analysis rather than by the amount 
added, as losses from decomposition and coprecipitation could 
occur. References to analytical procedures that were used to de- 
termine inhibitor concentrations in this work are included in the 
table. 

This paper briefly describes the method of water treatment, the 
source of supply for the chemicals, and the most desirable condi- 
tions of application for sodium nitrate, quebracho extract, waste 
sulphite liquor, and zero-caustic alkalinity. It also compares 
these methods of chemical treatment for preventing embrittle- 
ment. 


Soprium NITRATE 


The first line in Table 1 shows that 117 specimens were not 
cracked when the boiler water contained relatively high concen- 
trations of sodium nitrate. In many of these tests the nitrate 
was added to waters that had previously caused cracking. In 
others it was naturally present in the feedwater. These data 
show that boiler waters containing a minimum ratio of sodium 
nitrate to total alkalinity of 0.3 did not cause embrittlement 
cracking of detector specimens. 

The table also summarizes the experience of the Chesapeake & 
Ohio Railway where the nitrate treatment is in use on the entire 
railroad. Only one specimen was cracked with an approximate 
minimum concentration of sodium nitrate equal to 40 per cent 
of the total alkalinity, while 88 specimens were not cracked. A 
higher ratio is recommended for railroads than for stationary 
plants to offset the added uncertainties of road stress and water 
conditions inherent in the operation of locomotives. This rail- 
road undertook the work, not from any academic interest in the 
embrittlement problem, but because up to 1939 an average of 30 
locomotive boilers suffered embrittlement cracking and had to be 
repaired each year. Introduction of the nitrate treatment re- 
sulted first in the essential elimination of cracking in the em- 
brittlement-detector specimens and, subsequently, a decrease in 
cracking in locomotive boilers, corresponding to a saving of more 
than 90 per cent of the engine time lost and the material and 
man-hours required for such repair work. 

Sodium nitrate is an inexpensive inorganic chemical and is rela- 
tively easily handled and controlled. It is thermally stable and 
has not adversely affected boiler operation in the range 125 to 
400 psi in which it has been used. In alkaline boiler water, it is 
apparently inert to sodium sulphite and the other salts usually 
present. 


QUEBRACHO ExTRAcT 


The results obtained with quebracho extract are almost as 
satisfactory as those with nitrate. The 109 specimens not cracked 
were exposed on boilers operated at 130 to 700 psi. Only five 
specimens were cracked when a quebracho - total alkalinity ratio 
of 0.4 was reported to be maintained. Some of the difficulties 
with this material may have been due to improper analytical 
procedures or failure to analyze often enough to verify the main- 
tenance of desired concentrations. As better control of the que- 
bracho treatment is established upon the basis of proper analytical 
determinations, these exceptions should become less frequent. 
Concentrations present in boiler water can readily be determined 
by a rapid colorimetric procedure (reference | in Table 1). 


bility that carbonate will lose carbon dioxide during evaporation of the 
boiler water in the seam and thus become hydroxide; (2) when a 
sample of boiler water is taken for analysis, some sodium hydroxide 
may be converted to carbonate by the carbon dioxide in the air. 
On the other hand, phosphate alkalinity should not form part of the 
ratio, and the total alkalinity, if it contains much phosphate, may be 
corrected for the amount of this substance present. Basing the ratios 
on the total alkalinity leans toward safety and an excess of the in- 
hibiting chemical. 
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Quebracho extract is a tannin obtained from South American 
trees of the same name. The relatively crude extracts® have been 
found to be much superior to processed spray- or shelf-dried 
products. In addition to inhibiting cracking, quebracho fre- 
quently helps to retard corrosion and the formation of scale. 


WASTE SuLPHITE LIQUOR 


There are no detector data for the use of waste sulphite liquor 
and other lignin-containing products in stationary boilers. The 
Chesapeake & Ohio Railway tested this method of embrittlement 
control on locomotive boilers, however, before turning to nitrate. 
The treatment was not entirely satisfactory in that protection 
could not be obtained at every location. Table 1 shows that 
while 60 specimens were not cracked 12 specimens were cracked 
when a ratio of inhibitor to alkalinity as sodium hydroxide of 
0.4 was maintained. 

Waste sulphite liquors are by-products of the wood-cellulose 
industries. The active ingredients are lignin-sulphonate com- 
pounds. Both concentrated liquors and derived solids are 
marketed.’ While these have been used with apparent success 
in a very large number of locomotive boilers, they cannot be 
recommended at the present time for stationary boilers because 
of reported foaming difficulties. 


ZeRoO-Caustic ALKALINITY 


Although only eight specimens have thus far tested the treat- 
ment that eliminates caustic alkalinity, none has cracked. The 
operating range was 300 to 800 psi. All the tests were run on 
boilers using evaporated make-up, for which the method is es- 
pecially suitable. The treatment is not, however, restricted to 
such plants, as caustic soda can be neutralized by mineral acids 
and so converted to mineral salts such as phosphates and sul- 
phates. 

Since caustic is the primary chemical responsible for em- 
brittlement, its elimination from the boiler water would be the 
most obvious method of controlling cracking. A low concentra- 
tion of alkalinity is considered desirable, however, to prevent cor- 
rosion and incrustation during boiler operation. The concentra- 
tion of alkalinity is indicated by the difference between the pH 
of the boiler water and the neutral value of 7. The pH is raised 
above 7 by increasing the concentration of hydroxide ions. In 
so far as the environment is concerned, it makes no difference 
whether these hydroxide ions are furnished by caustic soda or 
some other chemical. 

There are chemicals, such as trisodium phosphate, which react 
with water to release hydroxide ions. Concentration by evapora- 
tion of dilute boiler waters in which these chemicals are present 
reverses the reaction and the chemicals are reformed. The con- 
centration of hydroxide ions present in water because of such 
chemicals, therefore, never increases very much as the result of 
evaporation. On the other hand when a boiler water containing 
caustic soda evaporates, the hydroxide ions may concentrate suf- 
ficiently to cause embrittlement cracking. Chemicals such as 
trisodium phosphate neither cause nor prevent cracking. The 
zero-caustic alkalinity treatment involves substituting such 
chemicals for caustic soda as the source of alkalinity in the boiler 
water. 


¢ This investigation has shown that satisfactory quebracho extracts 
to prevent cracking are Argam (Crown) brand, distributed by The 
Tannin Corporation of America, Wilmington, Del., and Luna brand, 
distributed by International Products Corporation, 90 West Street, 
New York, N. Y. 

7 Spruce extract, distributed by Robeson Process Corporation, 500 
Fifth Avenue, New York, N. Y. and MU, distributed by Marathon 
Chemical Company, Rothschild, Wisconsin, have proved to be satis- 
factory sources of lignin-sulphonate compounds. Waste sulphate 
liquors which result from alkali sulphide rather than neutral sulphite 
extraction of lignin from wood are not usually satisfactory. 
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TABLE 1 OVER-ALL SUMMARY OF PL a. peers WITH THE EMBRITTLEMENT DE- 
CTOR2 
Ratio recom- Specimens 
mended, > inhibi- cracked, Approximate 
Principal inhibitor Specimens tor/total ratio useful* pressure Method of 
present not cracked alkalinity maintained range analysis 

Sodium nitrate 

117 0.3 04) 
Sodium nitrate » to 400 psi (k) 

(NaNOs)?.......... 88 0.% 1¢) 
Quebracho extract....... 109 0.4 5s to 700 psi (L) 
Waste sulphite 

60 0.4 12h to 250 psi (l) 
Zero-caustic 

alkalinity........... s caustic 0 to 800 psi (m) 

0-8 ppm 

No known inhibitor. 

present in 

sufficient 

quamtity?... 184 286 


@ There are 35 tests eliminated from this tabulation because the detector was known to be im- 
properly operated or because the chemical conditions were entirely unknown. 


In the ratios “total alkalinity” 


represents the total alkalinity in terms of sodium hydroxide. 


Methods of analysis are given in reference (m), pp. 94-102. 

¢ The detector has not been used at pressures below 100 psi. 

d Thirteen specimens were cracked when the ratio was 0.2 or smaller. 

¢ Three specimens were also lightly cracked when the ratio was not maintained. 

J Thirty-seven specimens were cracked while lower ratios were maintained; no specimens cracked 
at pressures below 250 psi when a ratio of 0.3 was maintained. 

9 Data from tests on Chesapeake & Ohio Railway locomotive boilers. 

h Twenty-three specimens were cracked when the ratio was low. 

i Seventeen boiler waters contained high concentrations of organics derived from surface-drainage 


water and having a high tannin equivalent by the tyrosine determination (1); 


high chromate concentrations. 


the other two contained 


J No nitrate analysis available for many of these tests. 
“Intercrystalline Cracking of Boiler Steel and Its Prevention,”’ by W. C. Schroeder and A. A. Berk, 


Bulletin 443, Bureau of Mines, 1941, pp. 82-84. 


‘Determination of Tannin Substances in Boiler Waters,’ 


" by A. A. Berk and W. C. Schroeder, 


Industrial and Engineering Chemistry, Analytical Edition, vol. 14, June 15, 1942, p. 456. 


“Standard Methods of Chemical Analysis,” 
1936, pp 95-98. 


Although other chemicals could be used, trisodium-phosphate 
alkalinity is the logical substitute for caustic alkalinity, because 
it introduces no new chemicals. Phosphate has been in common 
use for many years to prevent scale in most boilers operated at 
higher pressures. 

When phosphate alkalinity is used to replace caustic alkalinity, 
the method is best controlled upon the basis of the relationship of 
pH to PO, concentration.’ For maximum economy the alkalinity 
should be maintained close to the theoretical pH corresponding 
to the phosphate concentration.? Occasional tests for caustic 
should also be made to insure its absence.!° 

The particular form of phosphate to be used will depend upon 
the feedwater. Trisodium phosphate, disodium phosphate, 
monosodium phosphate, and phosphoric acid are compounds that 
increase progressively in acidity. Provision for the use of two of 
these substances will increase the flexibility of operation. 

In some cases, slightly acid or neutral condensate may be 
treated by recirculation of part of the boiler water to provide the 
alkalinity necessary to prevent corrosion of the economizer and 
feedwater system. In other instances, it may be more desirable 
to add caustic to the feedwater and an equivalent amount of 
monosodium or disodium phosphate to the boiler to reduce the 
caustic alkalinity to zero. No additional chemicals are required 
to control embrittlement. Total solids in the boiler water are 
generally decreased, and improvements in steam quality and tur- 
bine performance have been reported. 


Tests WirHout KNown INHIBITORS 


The last line in Table 1 shows that of 470 specimens tested 
under conditions where no known inhibitor was present in the 
boiler water in sufficient quantity to be included in the other 
groups, 184 (40 per cent) were not cracked. This figure could indi- 
cate that additional unknown inhibitors exist. However, 119 
of the 184 uncracked specimens were tested at plants where 


5 Reference 4, p. 401. 

* Generally 60-100 ppm PO, will correspond to sufficient alkalinity 
for satisfactory boiler operation. 

© Reference m, Table 1. 


eighth edition, American Public Health Association, 


cracking resulted from additional runs under better control (and 
in a few cases from longer test intervals). About one half of the 
remaining 65 specimens represent single runs that have not as 
yet been repeated, and almost all of the other tests were completed 
before nitrate was found to be a significant factor. No nitrate 
analyses are available for a majority of the tests completed be- 
fore June, 1941. 

Embrittlement cracking in a test specimen is invariably caused 
by an unsafe boiler water, but absence of cracking may be due to 
improper operation of the apparatus. It is therefore significant 
that more than one half of the specimens that were not cracked 
while the boiler water was properly conditioned by one of the 
methods in the table came from plants where cracking had re- 
sulted in companion tests of the uninhibited water. 


COMPARISON OF METHODS AND CONCLUSIONS 


Sodium nitrate is relatively inexpensive compared with que- 
bracho extract and phosphate. On the other hand, unlike these 
other substances it does not affect the character of precipitated 
solids"! and therefore would not help to prevent the formation of 
scale. Furthermore, its usefulness has not as yet been determined 
at pressures above 400 psi, as compared to 700 psi for quebracho 
and at least 800 psi for the treatment that produces zero-caustic 
alkalinity. The lignin compounds are inexpensive but inferior to 
nitrate and quebracho by which they are largely being replaced. 

Sodium nitrate and quebracho extract have stopped the 
embrittlement cracking of highly stressed steel specimens in em- 
brittlement detectors on operating boilers. The maintenance of 
definite minimum ratios of the concentrations of these chemicals 
to the concentration of total alkalinity was required. By re- 
ducing the concentration of caustic to approximately zero, the 
need for an inhibitor was eliminated. Sodium-phosphate al- 


‘1 Nitrate may be added to the water at any point in the system 
since it is not affected by chemical-softening processes. Quebracho on 
the contrary is destroyed by dissolved oxygen and adsorbed by sludge. 
The latter must, therefore, be added directly to the boiler or to the 
softened feedwater just before it enters the boiler. Concentrated 


quebracho-extract solutions (specific gravity of 1.20) are stable in the 
absence of proteins. 
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kalinity was successfully substituted for caustic alkalinity to 
achieve this purpose. 

The methods of chemical treatment for preventing embrittle- 
ment that have been outlined in this paper are based upon testing 
with the embrittlement detector attached to operating boilers. 
Their indiscriminate use is not recommended. On the other 
hand, where cracking of detector specimens shows a particular 
supply of waters to be relatively unsafe, treatment is usually de- 
sirable. Detector tests should then be made to be sure that it is 
effective. 


Discussion 


E. W. P. Hamer.'? The authors have gath- 
ered together the results of a very large number of tests carried 
out with their embrittlement detector, and the data submitted 
provide clear evidence of the value of sodium nitrate and que- 
bracho extract in inhibiting cracking under the conditions existing 
in the detector apparatus, providing this is adjusted according 
to their instructions. The authors state: ‘“Embrittlement 
cracking of the test specimen indicates that the boiler water can 
cause failure in the boiler, provided similar conditions of con- 
centration and metal stress exist in the seam.”” We would like 
to know whether the authors are satisfied that the conditions 
existing in the detector are always comparable with those present 
in the actual boiler. The writers believe that a condition of un- 
equal distribution of stress'* is an important factor in causing 
embrittlement, and that such conditions may not be present in 
the detector specimen. Again, in view of the authors’ statement 
“absence of cracking may be due to improper operation of the 
apparatus,” is it true that uncracked detector specimens of 
necessity indicate that the water is safe and will not under any 
circumstances cause intergranular cracking in the boiler itself? 

It has been repeatedly stated that a characteristic feature of 
embrittlement cracking is the intergranular course pursued by the 
crack or cracks. We were therefore surprised at the complete 
lack of any evidence or comment in the paper regarding the na- 
ture of the cracking found in the 900 plant tests recorded. 

What we have said will indicate that we are seriously disturbed 
with regard to the claims made for the embrittlement detector, 
In particular we feel that the following questions require an 
affirmative answer before this tool can be used with confidence: 

1 Do boiler waters which have actually caused embrittlement 
cracks in the seams or rivets of a working boiler also crack the 
specimen in the detector, and has this experiment been carried 
out a sufficient number of times to place the issue beyond doubt 
or at least make it highly probable? 

2 How often has the following sequence of events been ob- 
served: 

(a) The detector fitted to a working boiler cracks. 
(b) Cracks subsequently develop in the actual plates or 
rivets of the boiler. 

3 Cana “safe” water be made ‘‘dangerous” so as to crack the 
detector specimen at will, and how can this be done? 

In view of the human factor in the operation of the detector and 
the fact that it is impossible to know the mechanical and chemical 
conditions existing in a boiler seam, we do not think that absence 
of cracking in detector or boiler can be taken as evidence of the 
effectiveness of the detector as an indicator. 

On the other hand, we must agree that, if, as a result of in- 


12 Research Department, I.C.I. (Alkali), Limited, Norwich, 
Cheshire, England. 

13 “Caustic Embrittlement,’’ by E. W. Colbeck, S. H. Smith, and 
L. Powell, Proceedings of The Institution of Mechanical Engineers, 
Nov., 1942; also abridged. Engineering, Dec. 4, 11, and 18, 1942, 
pp. 455 and 478. 
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vestigations with the detector, a substance such as sodium nitrate 
is shown to have marked inhibiting properties, and, subsequently, 
as a result of the addition of this substance to water in working 
boilers, the number of cracked boilers is substantially reduced, 
as is claimed on one of the American railroads, this is strong evi- 
dence of the usefulness of the detector. 

Speaking frankly ,we are uneasy about the position now 
reached with respect to sodium nitrate because it seems to us 
that it has a certain strong resemblance to a position reached with 
respect to sodium sulphate many years ago, and subsequently 
vacated. In this case another piece of apparatus was used as the 
guiding star. We still recommend that the ratio NasSO,/NaOH 
in the boiler water shall be maintained above 2.5 or at any rate 
in the nonembrittling area as defined by Straub’s curves, and in 
the twenty or thirty cases of boiler embrittlement which we have 
investigated and confirmed in the last 4 or 5 years, in no case 
have these recommended conditions been consistently main- 
tained. This is, of course, negative evidence. 

The entire question of embrittlement of boilers is in our opinion 
still in a most unsatisfactory state from the point of view of the 
boiler engineer, and we therefore hope that the authors’ recent 
discoveries will be amply confirmed in practice. 

We have endeavored to make our contribution to the paper 
constructive, but we are fully conscious that we are 3000 miles 
from the scene of action, and that much may be said, done, or im- 
plied, which we do not hear about. We would like to congratulate 
the authors on the energy and persistence which have gone into 
the development of their research program and the collection of 
data. 


anp F, R. Owens.'* The authors have sum- 
marized concisely, and we believe exactly, the present status of 
our knowledge of chemically inhibiting intercrystalline corrosion. 
Their title invokes an expectation of complete solution of the 
problem, which is not satisfied by their discussion. This leads us 
to express an opinion we have held for some time, namely, 
the published and expressed opinions available today very defi- 
nitely reveal a recognition of the limitations of chemical inhibi- 
tion. 

The work of both Straub and Schroeder and their associates 
reveal uncertainties which may be due to stress or other unknown 
factors. Hence even though chemical passivity may be indi- 
cated with a given operation, through either or both types of de- 
tectors, there is not complete insurance against intercrystalline 
failure. We quote from the authors’ summary'® of the 1941 
symposium on caustic embrittlement: ‘“‘On the other hand, if the 
boiler water cracks the detector specimens, it will not necessarily 
crack the boiler, yet it is difficult to guarantee that conditions do 
not exist or will not arise in the boiler structure from which crack- 
ing may result.”’ 

The foregoing is not an attempt to detract from either the con- 
tributions of the authors or Straub. On the contrary, we endorse 
and encourage the use of the Schroeder and Straub detectors «+ 
engineering instruments for increasing the insurance in the safe 
and economical operation of steam boilers. 

Aside from the relative merit of one of the present known 
chemical inhibitors over the others, let us consider the chemica! 
limitations from an operating viewpoint. We have in mind « 
central station, generating steam at 1400 psi. Until a few 
months ago, the boiler concentrates would be of the following 
average composition in ppm: Phenolphthalein alkalinity, 202; 
total alkalinity, 239; sodium chloride, 10; sodium sulphate. 
98; PO,, 45; silica (SiO,), 2; pH, 11.10. 

14 Cyrus Wm. Rice & Co., Inc., Pittsburgh, Pa. 


18 “Symposium on Embrittlement; Summary,” by W. C. Schroeder 
and A. A. Berk, Trans. A.S.M.E., vol. 64, 1942, pp. 427-430. 
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All Schroeder detectors revealed selective corrosion. If one 
were responsible for the feedwater treatment at this plant, and 
there was a desire on the part of the management to increase the 
insurance against intercrystalline failure, chemically, what 
method would he select? 

Obviously, the choice lies between the use of nitrates or the 
phosphate-pH control proposed by Purcell and Whirl.'* The 
former is doubtful at this pressure and also might affect turbine 
deposits adversely. Hence, the logical method would be phos- 
phate-pH control, which is now under trial. The time interval 
to date does not permit a conclusive statement based on the 
detector tests. 

Again, we cite an industrial plant using zeolite-treated make- 
up of a surface supply, to the extent of 80 per cent of the total 
evaporation. A supplementary treatment of monosodium 
phosphate and sodium sulphite is used. The boilers generate 
steam at 600 psi. The following is representative of the average 
composition of the boiler concentrates in ppm: phenolphthalein 
alkalinity, 245; total alkalinity, 310; sodium chloride, 75; 
sodium sulphate, 513; PO,, 55; silica (SiO.), 5; pH, 10.8. 

Deposits on the turbine buckets, diaphragms, and nozzles 
necessitate periodic cleaning. Again, we must recognize the 
existing limitations with respect to chemical inhibition of em- 
brittlement. Phosphate-pH control might be feasible, but it 
would be quite wasteful. The use of nitrates would further im- 
pair the turbine operation, which leaves no choice but the use of 
tannins. The use of tannins proved to be impractical, since we 
found the steam quality impaired to the extent that the specific 
conductance was increased on an average of 6'/. micromhos. 
This in turn decreased turbine capacity due to deposits twofold. 
Need we indicate the complete limitation of chemical inhibition 
in such instances? 

We might continue citing similar experiences indefinitely with- 
out further serving our immediate purpose. We summarize 
our remarks by repetition; the published and expressed opinions 
recognize the limitations of chemical inhibitors, as at present 
known. Hence there is in the light of our present knowledge 
the need for ‘‘de-emphasis” of the chemical environment in our 
consideration of intererystalline failure. 


J. A. Hotmes.'7 This paper is a very concise, complete, and 
easily understandable review of the work done and the results 
obtained at the Bureau of Mines. The authors are to be con- 
gratulated on their accomplishments. 

There is one question we hear regularly and we hope the 
authors can give us some answer. Suppose one of these embrittle- 
ment detectors is put on a modern boiler of welded-type con- 
struction and the embrittlement detector shows that the water 
is embrittling. According to the latest information conveyed by 
the A.S.M.E. Boiler Code, it is suggested as unnecessary to ob- 
serve any embrittlement protection in these types of boilers over 
400 psi pressure. Should the operators go to all of the trouble 
and expense of correcting the boiler water because of the pos- 
sibility of tube-end embrittlement, or is the possibility of any 
trouble so remote that embrittlement protection can be entirely 
disregarded? 

In regard to the elimination of hydroxide ions by the use of 
phosphates to obtain the proper balance between pH, alkalinity, 


16 ““Embrittlement of Boiler Steel—Experiences With the Schroeder 
Detector,” by T. E. Purcell and S. F. Whirl, Trans. A.S.M.E., vol, 
64, 1942, pp. 397-402; also ‘Protection Against Caustic Embrittle- 
ment by Co-Ordinated Phosphate-pH Control,” by T. E. Purcell and 
8. F. Whirl, Water Conference, Engineers Society of Western Pennsyl- 
vania, Pittsburgh, Pa., Nov., 1942. 

’ Director of Service, National Aluminate Corporation, Chicago, 
Ill. Mem. A.S.M.E. 
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and phosphate to prevent embrittlement, the silica ions should 
also be taken into consideration. SiO, ties up caustic soda or 
Na,O in the same manner as phosphates and also acts in the same 
manner to prevent embrittlement. If silica is disregarded, the 
amount of Na,O in the boiler water may become so low that 
serious silica scale will result. For example, we know of a 400- 
psi-pressure plant which has a make-up water of 17 ppm total 
calcium and magnesium hardness as calcium carbonate, very 
little sulphate, and 100 ppm of silica. When this boiler water is 
treated with a phosphate-type treatment, the amount of alkalinity 
resulting from a correct balance of NasO and P:O; is not near 
enough to prevent silica scale. It is necessary to increase the 
alkalinity considerably over the P.O; demand. Theoretically, 
the boiler water should be embrittling with this higher alkalinity, 
but, according to all tests which can be made with either the 
Straub or the Schroeder testing unit, the water is not embrittling, 
evidently because of the soluble silica present. Therefore, where 
there are any appreciable amounts of soluble silica present, we 
believe it very desirable to have a ratio of alkalinity to phosphate 
and/or silica. Fortunately, the embrittlement-detector unit 
enables one to check under operating conditions any theoretical 
ratios or treatment calculated, and the authors of this paper 
are to be congratulated in providing an instrument for such 
testing and control. 


J. J. Maauire,* H. L. Kanuer,'* L. D. Berz.'® The 
authors present in this paper, for the first time, a brief summary 
of the various methods which have been developed for com- 
bating embrittlement cracking. It is the first answer that has 
been given to the boiler operator in a concise form to his question 
of what he should do if and when he is troubled with this prob- 
lem. 

As the authors know, we have been carrying out numerous plant 

tests with the Schroeder embrittlement detector, and the following 
comments represent our opinion, together with the results 
achieved to date using the methods mentioned by the authors 
in their paper. 
Nitrate. The use of sodium nitrate for combating 
caustic metal embrittlement appears to us to be the most prac- 
tical method yet devised for the average industrial plant. It 
appears foolproof, inexpensive, and not too difficult to control. 
Definite proof should be established that it does not produce 
NH; in the steam in any appreciable quantity, and further re- 
sults proving its effectiveness under all conditions should be pro- 
vided. 

Quebracho Extract. The results obtained through the use of 
quebracho extract look almost as good as with sodium nitrate, 
in pressures up to a higher level (700 psi). The test provided for 
tannin for control purposes is not too difficult, although this test 
does require delicate control to prevent misleading results. All 
such tests should be completed immediately upon sampling or 
some method of fixation provided for. One disadvantage which 
may be encountered in the use of this product for control of em- 
brittlement is that the amount of quebracho used to maintain the 
tannin-NaOH ratio may be sufficient to produce a highly discol- 
ored boiler water. Such discoloration may produce difficulty 
in carrying out other water tests required for routine plant con- 
trol for water conditioning. 

Zero-Caustic Alkalinity. This method, as first proposed by 
Purcell and Whirl and reported'* to this Society, we believe is 
misnamed. It should be noted that zero-caustic alkalinity refers 
to the absence of excess caustic in the solid material at the test 


Sodium 


18 W.H. & L. D. Betz, Frankford, Philadelphia, Pa. 
19 General Manager, W. H. & L. D. Betz, Frankford, Philadelphia, 
Pa. Mem. A.8.M.E. 
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specimen and not to zero hydroxyl content in the boiler water. 
Waters with a pH between 10 and 11 as maintained in the boil- 
ers, reported upon by Purcell and Whirl, must have 1.7 to 17 
ppm OH or 4 to 40 ppm NaOH formed from the hydrolysis of 
Na;PO,. Therefore, we believe it would be more correct to refer 
to this as the minimum-caustic-alkalinity method rather than 
the zero-caustic-alkalinity method, or that the name ‘‘zero- 
caustic alkalinity” should be explicitly defined as the condition 
which brings about zero-free caustic in the solid phase at the 
test specimen. True, the hydrolysis of NasPO, to form OH will 
be less than the ionization of NaOH which may account for the 
favorable conditions reported upon by Purcell and Whirl, but it 
must be remembered that, at the concentrations existing in 
contact with the.stressed specimens in the embrittlement detec- 
tors, there will be OH present. 

For example, it is well known that concentrations are extremely 
high at the test specimen. With a pH of 11, measured at room 
temperatures and not at boiler temperatures, (114 ppm PQO,) in 
the boiler water, we have calculated there is approximately 17 ppm 
hydroxy] ion present due to the hydrolysis of trisodium phosphate, 
and without the presence of any free caustic soda as measured by 
the strontium-chloride test used by Purcell and Whirl. If we as- 
sume 1000 cycles of concentration (purely arbitrary for illustra- 
tive purposes) at the test specimen, we will not have 17,000 ppm 
hydroxyl-ion concentration in the liquid phase due to repression 
of hydrolysis and ionization of these high concentrations. Al- 
though this has never been directly measured, it is reasonable 
to assume that it is relatively low in hydroxyl ion content and 
is not a dominant factor in caustic metal embrittlement. On the 
other hand, if we have 17 ppm excess hydroxyl over and above 
that produced by the hydrolysis of NasPO,, we would have at the 
specimen almost 17,000 ppm hydroxyl. This clearly illustrates 
the necessity for close adherence to the curves of Purcell and 
Whirl in using this method and serves to explain why the presence 
of only a few ppm excess hydroxy] alkalinity, as measured by the 
strontium-chloride test, will mean the difference between an 
embrittling water and a nonembrittling water. 

This method is primarily applicable to plants employing evap- 
orated make-up water. For such plants, mainly central stations, 
this method seems to provide an advantageous solution to the 
embrittlement problem. We feel that it will be desirable to 
confirm the present results with a greater number of embrittle- 
ment-detector tests, but present data give every indication that 
this method will be successful and can be adopted as a standard 
means for embrittling prevention for plants employing evaporated 
make-up water. 

For the average industrial plant, however, employing an ap- 
preciable percentage of raw water softened or unsoftened, this 
method is not a practical solution for the embrittlement problem. 
Sodium nitrate seems to provide the best solution. With feed- 
waters containing appreciable concentrations of hardness and 
alkalinity, the zero-caustic-alkalinity method may occasion a 
marked increase in the solids content of the boiler water and also 
represent a large cost increase compared with the use of sodium 
nitrate. 

As an example, assume a zeolite softened make-up water and 
feedwater concentration as follows: 


Hardness as CaCO;: Oppm 
P Alkalinity as CaCO;: 0 ppm 
M Alkalinity as CaCO;: 20 ppm 


This does not represent an unusual case. It is interesting to 
compare the conditions (Table 2 of this discussion), resulting from 
the use of phosphoric acid, monosodium phosphate, and di- 
sodium phosphate for the maintenance of zero-caustic alkalinity. 
Also shown are the same conditions employing sodium nitrate. 
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TABLE 2 COMPARISON OF TREATMENTS 


Use of 
HsPO,, NahlePOs,, NasHPOs,, NaNOs, 
ppm ppm ppm ppm 
Trisodium-phosphate con- 
tent of boiler water, as 
440 656 1304 
Soluble-phosphate content 
of boiler water as POs... 254 380 760 


Additional boiler solids 

introduced by treatment, 

Embrittlement treatment, 

Ib per million lb feed- 

Cost of treatment, dollars 

per million lb feedwater> 
1.13 1.85 3.65 0.10 


@ Based on considering untreated-boiler-water alkalinity as 20 kK 20 = 
400 ppm total alkalinity as CaCOs = 320 ppm total alkalinity as NaOH. 

+ Based on costs of treatment as: H3PQO, (75 per cent), 6.5 cents per lb, 
equivalent to 8.65 cents per lb for HsPO, (100 per cent); NaH»PO,, 7.7 cents 
per lb; NazHPO,, 6.4 cents per lb; NaNOs, 2 cents per lb. 


As can be observed, the solids content of the boiler water intro- 
duced through the use of mono and disodium phosphate is quite 
appreciable. With the use of phosphoric acid, solids increase can 
be maintained at a lesser value, but the cost of treatment is still 
materially higher than with sodium nitrate. In addition, the 
question of handling and feeding phosphoric acid presents a prob- 
lem. 

For the average industrial plant, therefore, we feel that the 
so-called zero-caustic-alkalinity method does not provide as 
worth-while a solution as the use of sodium nitrate. 

We believe that this method, while holding considerable 
promise, is still too new to conclude that it gives 100 per cent 
protection. A number of tests should be run and different types 
of water should yet be studied before adopting this method as 
the final word in caustic-metal-embrittlement control. 


KE. M. Partrince.?® We note that one of the methods out- 
lined which is spoken of as the ‘‘zero-caustic-alkalinity method” 
has been used to date only with boilers receiving evaporated 
water. We question that this method can be extended to water 
containing appreciable amounts of silica after softening by base- 
exchange materials or hot-lime-soda softening. 

It has been our experience that waters containing silica need 
at least an equivalent amount of total alkalinity to hold the silica 
in solution in the boiler salines. A water containing 5 ppm of 
silica will at 20 concentrations have 100 ppm of silica in the 
boiler water, if the silica be held completely in solution. To hold 
this silica in solution will require a caustic-alkalinity content 
in the boiler water which will exceed the requirements of the 
zero-caustic-alkalinity method. 

Where alkalinity reduction is desired, it can be obtained very 
effectively and completely by means of a combination of acid- 
and-salt-regenerated base-exchange material. We had an ex- 
perience with equipment of this type which gives point to the 
need for the presence of alkalinity along with silica in the boiler 
water. 

A West Coast plant uses a water for boiler feed which contains 
25 ppm of silica. It was treated for some years with straight 
sodium zeolite with satisfactory results in the boilers. To reduce 
blowoff, by the removal from the water of a large portion of the 
dissolved solids present which cause a high alkalinity, part of the 
feedwater was passed through an acid-regenerated unit, and the 
alkalinity of the combined effluents of this unit and the salt- 
regenerated unit regulated to give a total alkalinity in the softened 
water of 15 ppm. With water of this alkalinity, a highly siliceous 
scale formed and caused the loss of boiler tubes. Upon increasing 
the proportion of sodium-zeolite water used so as to bring the 


20 Manager, Internal Treatment Division, the Permutit Company, 
New York, N. Y. 
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softened water up to an alkalinity of about 30 ppm, the scale 
formation stopped. It would not be practical to maintain this 
amount of alkalinity in the boiler water by the use of phosphate 
alone because of the expense involved. 

Similar considerations apply to water softened by hot lime and 
soda. Also, water thus softened is ready for direct passage to the 
boiler. The addition of acid to bring the water to a point so near 
neutral that a slight excess will develop an actual acid condition 
is not good practice under these conditions. 

The method is, however, very interesting, and its successful 
use, where distilled water is employed, indicates its importance. 
There is always the possibility that plant conditions will be 
found which will permit its application to other than evaporated 
make-up jobs. 


T. E. anp 8. F. One of the major out- 
comes of the many years of research in the field of caustic em- 
brittlement was the development of the embrittlement detector. 
This device permits the operator to determine the embrittling 
characteristics of his boiler water under actual operating condi- 
tions and to test personally the effectiveness of the various 
methods of protective treatment. Indeed, its application is prac- 
tical as attested by the varied experiences presented at the 1941 
mbrittlement Symposium. 

Caustic embrittlement became a reality with the Duquesne 
Light Company in 1928.23 It is only natural that since that 
date much time, study, and money have been devoted to this 
important problem. In 1938, an extensive program of embrittle- 
ment testing was begun. A total of 55 tests with the detector 
have been conducted on boilers operating at pressures from 175 
to 440 psi. 

The details of these tests and significant findings were reported 
in two papers.’ The co-ordinated phosphate-pH control 
method of water treatment,’4 referred to by the authors as 
“zero-caustic alkalinity,’’ was developed in our laboratory as a 
result of our studies. 

While we are in general agreement with the material presented 
by the authors in this paper, we feel that several points require 
clarification. 

Co-Ordinated Phosphate-pH Control Method. The fundamental 
principle of this method of protection against caustic embrittle- 
ment is to produce a boiler water which contains sufficient alka- 
linity for corrosion inhibition, and which upon evaporation does 
not yield caustic soda. This is accomplished by maintaining in 
the boiler water, phosphate alkalinity only, no caustic alkalinity 
being present.. This treatment must not be confused with the 
unsuccessful use of trisodium phosphate as an embrittlement 
inhibitor in the presence of caustic. The graph, shown in Fig. 
2 of this discussion, is the basis of control. By plotting the pH 
value and the PO, concentration of the boiler water on this 
graph, one can readily ascertain whether or not the boiler water 
contains caustic alkalinity. A point which falls on the curve 
indicates that all phosphate exists as trisodium phosphate 
(Na;PO0,); a point which falls below the curve shows the presence 
of acid-phosphate salts; a point in the region above the curve is 
evidence that caustic is present. From another viewpoint, the 
PO,-pH co-ordinates merely represent some stage in the neutrali- 
zation between phosphoric acid and sodium hydroxide, as exem- 
plified by the following equations: 


*! General Superintendent, Power Stations Department of the 
Duquesne Light Company, Pittsburgh, Pa. Mem. A.S.M.E. 

2 Chief Chemist, Power Stations Department of the Duquesne 
Light Company, Pittsburgh, Pa. 

23 “Boiler Metal Cracking—A Case Study,’”’ by M. Hecht and D.S8. 
McKinney, Power, vol. 70, 1929, pp. 633-636. 

*4 Second paper of ref. 16. 
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H;PO, + NaOH —NaH.PO,+ HLO........... 
H;PO, + 2 NaOH — NaszHPO, + 2 H,O........... [2] 
H,;PO, + 3 NaOH — Na;PO, + 3 H2O............. [3] 
H,;PO, 3 NaOH + XNaOQH Na;PO, 3 H.O0 


Equation [3] is associated with the curve of Fig. 2; both indicate 
that all the phosphate exists as trisodium phosphate; combina- 
tions of Equations [1], [2], and [3] yield points below the curve, 
while Equation [4], with excess sodium hydroxide, yields a point 
above the curve. The excess may be eliminated by Equations 
{1], [2], and [3], or if solid chemicals are preferred NaH.PO, and 
Na2HPO, may be used. If the PO.-pH co-ordinates give a point 
below the curve, and the PO, concentration is at the desired maxi- 
mum, the pH is increased by suitable additions of sodium hy- 
droxide. 

As we pointed out in our recent paper,?* the methods of test 
for caustic alkalinity recommended by the authors are not satis- 
factory for low concentrations. This statement is based upon our 
experiences during fifteen tests with pH values below, on, and 
above the co-ordinated phosphate-pH-control curve. The 
method with which we have obtained the most consistent re- 
sults is a modified Winkler test. Phenolphthalein is used as an 
indicator and strontium chloride is substituted for barium chloride 
and is added in the proportions recommended for its use with 
purple indicator.*> The solution is then heated to boiling, cooled 
and titrated with N/50 acid. The fading end point, described by 
Schroeder and Fellows,?* has not been experienced, except with 
synthetic solutions containing phosphates, carbonates, and sili- 
cates. 

When using the modified procedure, we advise that no caustic 
alkalinity be tolerated in the boiler water instead of 0 to 8 ppm, 
recommended in this paper. However, it is our opinion that the 
curve, shown in Fig: 2 of this discussion, is a more practical and 
trustworthy guide than any of the methods of test for low con- 
centrations of caustic. 

That the amount of caustic alkalinity continuously permissible 
is extremely low is shown in Fig. 3 of this discussion. Here are 
plotted the actual pH values for a 95-day test, and the pH values - 
from the curve of Fig. 2, corresponding to the PO, concentra- 
tion. Both the cold- and the hot-rolled specimens cracked. 
The average caustic concentration by the modified Winkler 
method using strontium chloride and phenolphthalein indicator 
was only 3 ppm OH, with a maximum of 5 ppm OH. Because of 
these results, we strongly recommend that the pH be held below 
the curve value, not at zero-caustic alkalinity; i.e., that the boiler 
water have at all times some caustic-absorbing capacity. In this 
manner the danger of trespassing into the embrittling range is 
avoided. 

Sodium Nitrate. While sodium nitrate appears to protect 
against embrittlement attack, it is not as easily controlled as 
implied in this paper. The analytical determination is both 
cumbersome and time-consuming. Approximately 1!/; hr of 
close attention are required for a single determination and, 
even under the most favorable conditions, the suggested method 
is prone to yield high results. 

A word of warning should be sounded to operators regarding 
the use of sodium nitrate in evaporated make-up systems. De- 
spite the authors’ statement: “It is thermally stable and has not 
adversely affected boiler operation in the range 125 to 400 psi,” 
there were indications of nitrate decomposition to yield am- 


“Standard Methods of Water Analysis,’ eighth edition, 
American Public Health Association, 1936, pp. 97-98. 

26 ‘Determination of Carbonate, Hydroxide, and Phosphate in 
Boiler Waters’”’ by W. C. Schroeder and C. H. Fellows, Trans. 
A.S.M.E., vol. 54, 1932, pp. 213-224. 
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FREE CAUSTIC EXISTS IN THE REGION ] 
ABOVE THIS SOLID LINE. | 

10.8; 

106; 


[>sTO AVOID FREE CAUSTIC, THE pH VALUE 
MUST BE MAINTAINED BELOW THE LIMIT 
INDICATED BY THIS SOLID LINE 
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hig. 2. Revarion oF PH To TrisopiuM-PHOSPHATE CoN- 
CENTRATION 
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“INDICATED LIMIT OF pH VALUE BASED ON 

COORDINATED PHOSPHATE -pH CONTROL METHOD 
104 
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DAY OF TEST 
Fig. 3) PH Vatue Durine Test No. 108 


(Both cold- and hot-rolled specimens cracked.) 


monia in both our plant and laboratory tests. The sodium- 
nitrate requirement was found to be consistently higher initially 
than after the test was well under way, but even after 90 days, 
approximately !/2 lb was required per day for a 275-psi boiler, 
operating at approximately 200,000 lb of steam per hr. 

Quebracho Extract. From our experiences with the use of 
quebracho, attention must be given to the choice of brands. 
Some brands appear to be good inhibitors; others do not prevent 
cracking. The quebracho itself is easy to use and control; the 
discoloration of the boiler water is objectionable, but does not 
unduly interfere with the determination of other constituents. 

Duration of the Test. In the summary of their data in Table 
1, the authors do not give the duration of the test periods. This, 
we believe, is an important omission from their paper. From our 
experience, it is quite probable that many of the specimens which 
did not crack in 30 days might have cracked had the test period 
been extended to 90 days or more. We found it necessary to ex- 
tend the time, first from 30 to 60 days, and then to 90 days, in 
order to obtain reproducible results. Incidents of noncracking in 
less than 90 days might lead to false conclusions with respect to 
protective treatment. 

In considering the cost of the various treatments, the authors 
write as follows: ‘Sodium nitrate is relatively inexpensive com- 
pared with quebracho extract and phosphate.” This might, 
apply to some boiler waters treated for embrittlement pro- 
tection alone; however, phosphate is almost universally used as 
internal treatment for the prevention of scale. Consequently, 
using it in the supplementary role of embrittlement protection 
increases the consumption only slightly in many boiler waters. 
In boilers operating with distilled water or with acid, neutral, 
or slightly alkaline feedwater, the cost of phosphate treatment 
is less than that of sodium nitrate. 

Another statement made by the authors which is not entirely 
clear is, ‘A low concentration of alkalinity is considered desirable, 
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however, to prevent corrosion and incrustation during boiler 
operation.” We are accustomed to thinking of alkalinity in gen- 
eral as preventing corrosion, not causing it, and as having 
little, if any, effect on boiler incrustation. The authors may be 
referring to the action of caustic alkalinity in promoting embrittle- 
ment corrosion or to the type of corrosion identified as ‘“steam- 
blanketing,’’?? in which cases, of course, their statement regarding 
corrosion would apply. 


J. B. Romer.*8 Embrittlement cracking, like many other 
problems, divides itself into two phases, namely, cause and pre- 
vention or elimination. There is no question but that a full 
knowledge of the cause greatly simplifies the problem of preven- 
tion. However, it is not always necessary to understand fully 
the causes and their mode of operation in order to obtain ade- 
quate methods of prevention. That this is so is shown by the 
great strides made in preventing embrittlement cracking in low- 
pressure stationary boilers some twenty or more years ago. 

Greater knowledge as to the part played by silica, and pos- 
sibly other constituents present in the water, in the development 
of embrittlement. cracks, might have been of considerable ad- 
vantage to those carrying on the study of the causes and pre- 
vention of embrittlement cracking. 

Prof. S. W. Parr early considered that he had considerable 
evidence to the effeet that sodium sulphate, when present in ade- 
quate quantity, had a marked ability to reduce embrittlement 
cracking. Our operating experience yielded considerable evidence 
to the effect that the addition of sodium sulphate to waters that 
were deficient in this constituent would not only reduce embrittle- 
ment but, in many cases, stop it. 

It is true that the possible effect of other salts which may have 
been present in waters that were classed as nonembrittling was 
not noted. Inasmuch as the addition of technically pure sodium 
sulphate secured the desired results in many instances, it is hard 
to believe that any other inorganic salt was involved in these 
particular cases. 

During this period, and for a considerable period thereafter, the 
railroads felt that the use of sodium sulphate, in the quantities 
required in locomotive practice, led to undesirable effects and 
made it desirable to seek another embrittlement inhibitor in 
which these effects would be absent or reduced. This led to the 
railroads becoming vitally interested in the program being carried 
on by Dr. Schroeder, which work has been summed up by the 
authors in the present paper. During the progress of Dr. 
Schroeder’s investigation, he developed the “embrittlement de- 
tector,” and this particular instrument was of great aid in his 
subsequent laboratory studies, as well as in his survey of rail- 
road locomotives. Normally the time required for embrittlement 
cracking to develop in an operating boiler, is such that a labora- 
tory test had to be developed that would materially shorten the 
time. In this particular instance, this was accomplished b) 
raising the stress. In so doing, Dr. Schroeder may have broug)it 
the embrittlement detector more in line with locomotive-boiler 
conditions and somewhat less in line with low-pressure stationary 
boilers. The data, submitted by the authors, would appear tv 
warrant the belief that embrittlement cracking within the loco- 
motive boiler can be controlled by the use of sodium nitrate to 
much greater advantage than by any previously known treat- 
ment. 

Irrespective of the ultimate merits of sodium sulphate, it doe= 
suffer from the fact that a very large quantity is required, «= 


27 Attack on Steel in High-Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing,” by E. P. Partridge and R. F. 
Hall, Trans. A.S.M.E., vol. 61, 1939, pp. 597-622. 

*% Chief Chemist, The Babcock & Wilcox Company, Barberton. 
Ohio. 
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compared with the quantity of sodium nitrate. This, in itself, 
is a definite advantage for sodium nitrate, and if the results of 
the authors’ research have indicated some alleviation of caustic 
embrittlement through the use of sodium nitrate without foam- 
ing and carry-over from high concentration, then they have really 
accomplished something of benefit for the railroads, 

There has been considerable discussion as to the thermal sta- 
bility of sodium nitrate. Operating experience in stationary 
boilers has frequently indicated a definite relationship between 
corrosion and the presence of nitrates, this being particularly 
true where the nitrate appeared to be present in the form of eal- 
cium nitrate. However, an adequate control of the pH of the 
boiler water, plus the fact that the amount of nitrate required is 
relatively low, may control this characteristic of the nitrates to the 
point that the beneficial property of preventing embrittlement 
cracking will warrant its use in locomotive boilers. 


G. C. Warxer.”® The practical method of preventing em- 
brittlement cracking as outlined in the paper, is apparently to in- 
stall embrittlement detectors on operating boilers, and when the 
detector specimen, through cracking, shows the particular water 
supply to be unsafe, to resort to treatment, with further detector 
tests to be made to determine the effectiveness of the treatment. 
The success of this method is predicated upon the proper opera- 
tion of the detector apparatus, for, as the authors point out, the 
absence of cracking may be due to its improper operation. Thus, 
we might find cracking taking place in the boiler with the detector 
specimen giving no positive evidence. 

We recognize fully the inestimable value of the detector appara- 
tus, for without its use, it is extremely doubtful if correlation of 
the work of the many investigators in this field, and the approach- 
ing apparent agreement on the value of specific inhibitors could 
be attained. We do not, however, believe that its general use as 
a means for preventing embrittlement cracking is the practical 
method which boiler operators are seeking as a solution to this 
problem. As a tool of research or as an instrument of testing, in 
the hands of competent engineers, skilled in its use, or as a 
medium through which co-ordinating or supervising agencies 
may render competent advice to their clients on this subject, 
the detector apparatus is of utmost value in investigation and 
control. 

Any method that is practical, in so far as the boiler operator is 
concerned, must be simple, positive, inexpensive, and its opera- 
tion not too time-consuming. We must remember that the 
possibilities of embrittlement cracking are to be found in boilers 
having riveted seams, whereas most boilers of recent construc- 
tion and those operating at the higher pressures have drums 
of welded construction, in which the problem can be ignored, 
with the exception of the remote possibility of tube-end cracking. 

Thus, when dealing with embrittlement cracking, we are 
largely concerned with older type boilers operating mostly under 
500 psi. A large proportion of these boilers probably do not 
have continuous blowdown or boiler-water recirculating lines, 
which are recommended points of detector locations.*° The 
operator, in order to use this apparatus, would then have to in- 
stall a take-off line from his boilers. When installed, the speci- 
men must be carefully stressed, and continuous daily adjustments 
must be made. Then, if after a period of testing, the specimen 
exhibits cracking, the authors state “treatment is usually de- 
sirable.” Then it is recommended that detector tests should 
continue to be made in order to be sure that it 1s effective. 

Judging from experience in endeavoring to have boiler operators 


*® The Bird Archer Co., New York, N. Y. 

%° “Embrittlement Detector Testing on Boilers,”” by W. C. Schroe- 
der, A. A. Berk, and C. K. Stoddard, Power Plant Engineering, August, 
1941, vol. 45, pp. 76-79. 
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do necessary and advisable testing of boiler waters in a com- 
pletely satisfactory manner, the prospect of converting them 
into research engineers on the subject of embrittlement in their 
respective plants as a practical means of preventing such crack- 
ing, conjures up difficulties of the first magnitude. Bird and 
Johnson,*! have concluded that the embrittlement detector should 
be used only by skilled operators. 

If treatment is to be required in the event that the specimen 
cracks, why not provide the treatment in the first place? 

In Table 1, the authors present the results of more than 900 
plant tests on variously treated waters. Their results, using 
sodium nitrate and quebracho extract as inhibitors, have been 
substantiated by other investigators. Thus, it would appear 
that we have two inhibitors available of known value. Either of 
these can be incorporated into the plant boiler-water-conditioning 
practice, and through maintenance of a proven ratio of inhibitor 
to total alkalinity, as determined by routine control analyses, 
prevent embrittlement cracking. Certainly this is a more ad- 
visable procedure for the powerhouse engineer to follow than the 
installation and operation of the detector apparatus, with its re- 
quired qualifications, and the possibility that he might have to 
use inhibitor treatment anyway. : 

It is noted that all tests maintaining zero-caustic alkalinity 
were run on boilers using evaporated make-up, but the authors 
suggest that the use of this method is not restricted to such 
plants, since the caustic soda can be neutralized by mineral acids. 
While this is theoretically possible, as a practical method in an 
industrial plant operating with a substantial amount of make-up 
water of varying percentages and varying loads, the control 
necessary to maintain zero-caustic alkalinity under such changing 
conditions would present such difficulties as not to make this 
method feasible in such plants. We would like to see this system 
tried in such an industrial plant, with its final evaluation to in- 
clude its effect on all other factors involved in correct. boiler- 
water conditioning. 

Tannins are quite universally used in boiler-water conditioning 
because of their known effect on retarding corrosion and for 
sludge control. If, through control tests, the ratio of tannin to 
total alkalinity in the boiler water can be held at a point where 
embrittlement cracking will not occur, the use of this material 
for this purpose would appear to be quite simple. 

In the meantime, all of the data point to the inability of sodium 
sulphate to prevent embrittlement cracking, and particularly so 
in pressures exceeding 250 psi, and yet the apparently discredited 
sulphate-alkalinity ratios remain in the recommendations of the 
A.S.M.E. Boiler Code. This code is the operating authority for 
thousands ef boiler plants and many insurance companies. There 
is slight wonder that confusion exists in the minds of operators. 

It would appear to this writer that all independent investigators 
are approaching the point of agreement on an inhibitor. It is 
hoped that definite commitments without qualifications can 
soon be made, which will finally dispel the clouds of uncertainty, 
speculation, indecision, and confusion surrounding the subject 
of caustic metal embrittlement. 


AuTHors’ CLOSURE 


The authors were pleased with the interest which this short 
paper aroused, as evidenced by the extensive discussion. The 
presentation was purposely brief, emphasizing only the results of 
tests by operating engineers to show that there are practical 
methods for removing the tendency for boiler water to cause em- 
brittlement cracking. A more elaborate publication is in prepa- 
ration. 


31 “Studies on the Cracking of Boiler Plates,”” by P. G. Bird and 
E. G. Johnson, Trans. A.S.M.E., vol. 64, 1942, pp. 409-416. 
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Fic. 4 PHOTOMICROGRAPH OF CRACK IN CoLp-ROLLED EMBRITTLE- 
MENT-DETECTOR SPECIMEN; X 300 


In this closure the remarks of the individual contributors are 
grouped under several general headings. Replies have been 
made to all the questions in so far as is possible at present. 

Significance of Detector Tests. The embrittlement detector 
was designed to reproduce closely the conditions existing in an 
actual boiler seam. It provides a controlled rate of leakage of 
steam and contact of a stressed-steel specimen with the con- 
centrated solution resulting from evaporation of the boiler water. 
It is questionable whether this is an accelerated test in the sense 
that one or more of the controlling factors was made deliberately 
to exceed the conditions that exist in a boiler seam. On the 
contrary, it is quite probable that the leakage, concentrations, 
and stresses in the boiler seam can equal those in the detector. 
The essential difference between the detector and the boiler is 
that the former is so constructed and operated that these three 
major factors act simultaneously, continuously, and under the 
most favorable circumstances to produce cracking, whereas in 
the boiler these factors are brought together only under unique 
circumstances. Furthermore, in the detector, cracking is pro- 
duced in a small test specimen which can be periodically and 
thoroughly examined, while cracking in the boiler can be dis- 
tributed through a considerable area which can be inspected 
only with difficulty. 

The cracks produced in the test specimens are quite similar to 
those found in cracked seams. More than 100 failed specimens 
have been examined metallographically. Fig. 4 of this closure, 
shows a typical photomicrograph of an area that had been 
etched lightly to reveal the position of the fine cracks in relation 
to the grain boundaries. Cracks in a detector specimen are 
indicative of an embrittling condition in the boiler water. 

In reply to questions 1 and 2 of the Colbeck and Hamer dis- 
cussion, correlation of specimen and boiler cracking has been 
good. Representative samples of water from cracked stationary 
boilers have caused embrittlement failure in detector specimens 
in every case studied. The experience of the Chesapeake & 
Ohio Railway offers additional striking confirmation of the rela- 
tion of the test to practical boiler experience. More recently, 


welded-drum boilers operated at pressures of 425 and 450 psi 
in two plants have lost tubes after detector tests had shown the 
waters to be embrittling. Tube-metal and detector specimens 
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all showed the characteristic predominantly intererystalline 
cracking. 

Inasmuch as a personal factor is involved in the operation of the 
detector, questions relative to the meaning of a test that results 
in no cracking are especially pertinent. In general when the 
first specimen tested was not cracked at the end of 30 days, a new 
specimen was inserted in the detector and exposed for 60 days. 
If the second specimen also did not fail, a 90-day test was run, 
since in many cases it was found that cracking was delayed when 
the caustic alkalinity of the boiler water was low or a low con- 
centration of preventive chemical was present. The probability 
that an embrittling water would not cause cracking in any of 
the three specimens can be calculated. For the calculation, an 
embrittling water was defined as one that had caused cracking 
at any time. 

When tests of the proposed methods of treatment were eli- 
minated, approximately 500 runs, made by the average plant 
personnel with detectors attached to stationary boilers, were 
available for consideration. For runs of 30, 60, and 90 days, the 
chances that an embrittling water would eause failure in the 
specimen were found to be respectively, 68, 84, and 95 in 100. 
Consequently, after successive 30-, 60-, and 90-day tests have 
been completed, the possible chance of error is considerably less 
than 5 per cent. In fact, if chance were the only factor that 
contributed to negative tests, the probability that the water 
was nonembrittling would be 99.7 per cent. In view of the 
limited number of data available, especially for 90-day tests, 
this figure represents an order of magnitude rather than a fixed 
probability. 

On the other hand, if the test specimen is embrittled, the 
boiler water can be regarded as potentially dangerous. How- 
ever, the hazard to welded-drum boilers would be restricted to 
rolled-in tube ends. For these and other modern boilers the 
question as to whether or not the water should be treated to 
remove its tendency to cause cracking is, to a large extent, one 
of economics. The expense of the treatment and its control 
must be weighed against the cost of possible trouble and perhaps 
peace of mind as well. No damage ascribed to embrittlement has 
yet been reported for boilers operated at pressures above 500 psi. 

Treatment with inhibitors is not usually recommended unless 
there is definite evidence that the water is embrittling. There 
are several reasons for this. First, there may be substances 
naturally present in water that interfere with the inhibiting treat- 
ment. Until a sufficient background of experience has been 
accumulated, it is advisable that any treatment be checked with 
the embrittlement detector, at least during its initial period of 
use. Second, the boiler water may be naturally nonembrittling, 
and additional treatment would be poor economy. In addition 
to the cost of the chemicals and the expense of control, the in- 
crease in dissolved salts would tend to lower the steam quality. 
Third, nitrates and, to a lesser extent, quebracho extract have a 
current strategic importance and must be conserved.  Indis- 
criminate use may lead to a state of affairs where treatment would 
not be available to boilers that require protection from em- 
brittling waters. The zero-caustic treatment, on the other hand, 
can be applied to evaporated make-up systems with reasonable 
assurance of a safe and desirable boiler water, and without using 
material amounts of important chemicals. 

Treatment With Nitrate. In the 6 months since the paper was 
written the proposed nitrate treatment has been used successfully 
at pressures from 100 to 600 psi. Application at one plant 
operated at 728 psi is being followed carefully. Here, too, the 
results have apparently been satisfactory and no difficulties have 
as yet been reported. No specimens have been cracked while 
the treatment was being maintained. 

All the data obtained during this period confirm previous 1! 
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dications that nitrates are stable salts in boiler water. Many 
of the waters for which this treatment has been used also con- 
tained sulphite, but no increase in sulphite requirements was 
reported. When nitrate decomposes, the disappearance of each 
pound of the chemical would be equivalent to the addition of 
0.5 lb NaOH. No such phenomenon has been observed, al- 
though it was carefully sought by Purcell and Whirl during their 
test. On the other hand if the steam from their boiler carried 
over 0.1 ppm of the salt from waters having an average con- 
centration of 70 ppm, it would account for the 0.5 lb of nitrate 
they could not find, since only one boiler was being treated with 
nitrate and the condensate was returned to the entire system. 
At present it seems desirable to withhold any decision as to the 
stability of nitrate as it is related to boiler-water temperatures 
until the test work is completed. 

Kinert and Owens call attention to the possibility that nitrates 
may increase the tendency of salts to deposit in turbines. While 
sodium nitrate melts at approximately the same temperature as 
sodium hydroxide, the concentration of the former is always 
relatively low, and thus far no trouble has been experienced. 
However, the possibility is being investigated, especially where 
the treatment is being used at the higher operating pressures. 

Rapid colorimetric methods for the determination of nitrate* 
are quite suitable for control purposes. The more tedious pro- 
cedure requiring careful manipulation and “‘1'/s hr of close atten- 
tion” is more accurate and was therefore prescribed during the 
initial research period. 

Zero Caustic. The authors prefer the term “zero caustic” 
because it implies exactly what the treatment does. To an 
operator caustic means caustic soda rather than hydroxyl ion, 
and the treatment produces a water that contains no free caustic, 
that is, there would be no caustic soda in the residue if the water 
were evaporated to dryness. The initial laboratory experiments 
with a synthetic solution containing only trisodium phosphate 
gave unexpected results. Part of the phosphate formed an in- 
soluble film with the iron of the walls of the autoclave, and suffi- 
cient free sodium hydroxide appeared in the solution to crack the 
specimen. For subsequent tests enough acid phosphate was 
added to the synthetic trisodium-phosphate solution to neutralize 
this free sodium hydroxide. None of these specimens was 
cracked, indicating that trisodium phosphate will not cause 
embrittlement in the absence of caustic.* 

Purcell and Whirl at the Duquesne Light Company pioneered 
in the transition from laboratory tests to actual boiler operation, 
demonstrating that the treatment would work in a system using 
evaporated make-up. To this significant achievement they 
added an additional important contribution in the form of a 
curve for controlling the treatment on the basis of the relation- 
ship of phosphate concentration to pH. 

Regardless of what this treatment is called, its application to 
high-pressure boilers using evaporated make-up has been entirely 
successful. Of the tests reported since the paper was written, 
several were run at 1400 psi in a plant where conventional treat- 
ment had resulted in eight severely cracked specimens. Zero 
caustic during its trial period proved so satisfactory that it has 
been made standard treatment for all high-pressure steam 
boilers belonging to the operators of this plant. 

Several examples have been discussed of make-up waters for 
which the treatment would be unsuitable. The method was not 
intended for such waters but was developed primarily for use in 
boilers operated beyond what was thought to be the pressure 
range of the other proposed treatments and therefore for in- 


*? One such method is given in reference k, Table 1 of the paper. 

Detector Testing on Boilers,”’ by W.C. Schroeder, 
A. A. Berk, and C. K. Stoddard, Power Plant Engineering, vol. 45, 
August, 1941, pp. 76-79. 
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stallations where distilled-water make-up is almost universal. 
However, its many advantages should encourage its use at lower 
pressures in those cases where a suitable water is available. No 
data have been obtained as yet for this method on boilers using 
other than evaporated make-up. 

The question whether boiler water containing only sodium- 
silicate alkalinity would cause cracking cannot as yet be an- 
swered. Laboratory tests were inconclusive, since silica tended to 
deposit on the walls of the autoclave and piping, the sodium con- 
tent remaining in solution as caustic soda. There is also con- 
siderable uncertainty as to the solid phases formed during the 
evaporation of such water at boiler temperatures. Silica de- 
posits from boiler water containing considerable caustic soda 
would tend to indicate that operating a high-pressure boiler with 
water such that the silicate alkalinity was a large proportion of 
the total alkalinity might be courting trouble from hard silica 
scale. 

In the control of zero-caustic treatment, small quantities of 
sodium hydroxide are determined in the presence of large quan- 
tities of phosphate. This analysis has always been difficult 
Values reported by Schroeder and Fellows for the strontium- 
chloride procedure tended to be low with respect to known con- 
centrations. By titrating to the lower-alkalinity phenolphtha- 
lein end-point, Purcell and Whirl obtain results that are more 
exact. There is some tendency, however, for strontium phos- 
phate to form compounds analogous to hydroxyapatite and so 
cause low results. Barium phosphate, on the other hand, may 
contain some acid phosphate, a factor that, coupled with the 
tendency for the compound to supersaturate, causes high results. 
By allowing five minutes for equilibrium to be attained after the 
barium chloride is added, reasonably reproducible results can be 
obtained by the Winkler method.** The curve proposed by Pur- 
cell and Whirl is admirably suited to routine control purposes. 
Titration is definitely inferior to using the curve where there are 
no interfering substances. 

Treatment With Quebracho Extract. Treatment with que- 
bracho extract was mentioned only briefly in the discussion. 
Contradictory views were expressed as to its interference with 
routine analysis. Many laboratories have reported that dark 
water was troublesome but that standard procedures could 
readily be adapted to the special requirements of colored solu- 
tions. Other questions pertaining to the preferred brands of 
quebracho and to the preparation of a sample for future analysis 
have been adequately treated in the paper and the analytical 
reference l in Table 1. 

Miscellaneous. Colbeck and Hamer ask in question 3 whether 
a safe boiler water could be made embrittling and how. In the 
simplest case, this is achieved in the laboratory by addition of 
caustic soda to distilled water. More generally an increase in 
the caustic alkalinity of a boiler water in an amount sufficient 
to overcome the action of any inhibitor present can make the 
water embrittling. For example, a plant in Illinois operates with 
a water naturally inhibited with nitrates. Yet several boiler 
drums were lost 16 years ago because sufficient caustic soda was 
generated in the water through overtreatment with soda ash so 
that the nitrate-alkalinity ratio was too low. 

Attention has also been directed to the confusion between the 
methods for preventing embrittlement described in this paper 
and the recommendation set forth in the present A.S.M.E. Boiler 
Code for maintenance of ratios of sodium sulphate to sodium 
carbonate to achieve this same purpose. Code ratios will not 
prevent cracking of detector test specimens. The proposed 
methods of treatment would appear therefore to be more certain 
safeguards against embrittlement trouble. 


34 Private communication from C. E. Parker of the Public Service 
Electric & Gas Company. 
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Removal of Water-Insoluble Turbine 
Deposits by Caustic Washing 


By W. L. WEBB! anp R. G. CALL,' NEW YORK, N. Y. 


In spite of the methods employed to reduce carry-over 
from boilers, both water-soluble and insoluble turbine de- 
posits are prevalent. Where these deposits are water-in- 
soluble, disassembly of the turbine with resultant capacity 
outage has been necessary. A caustic-soda-solution wash- 
ing procedure, used by plants of the authors’ companies 
for the removal of water-insoluble silica deposits, has re- 
sulted in regaining lost capacity and in restoring stage- 
pressure differentials to normal in a fraction of the time 
formerly required for removing deposits mechanically from 
buckets and diaphragm nozzles. 


Y far the majority of high-pressure plants are experiencing 
turbine deposits, the rate of deposition varying from that 
causing no measurable effect on turbine characteristics in 

a year of operation to rates so high that deposits must be removed 
many times a year to restore lost capacity or to hold stage-pres- 
sure differences within safe limits. 

It is not within the scope of this paper to attempt to explain 
the mechanism of formation of turbine deposits. Actually, com- 
paratively little is known about this controversial subject. As 
indicated by Schroeder,? some well-directed research on the 
cause and prevention of turbine deposits is highly desirable. 
Suffice it to say, deposits fall into two main classes, 1.e., those 
which can be removed by water-washing and those which can- 
not. 


Deposits 


Water-soluble deposits are commonly removed from turbines 
by reducing the inlet-steam temperature sufficiently to produce 
wet steam in the stages where the washing action is desired. 
Where a wide range of superheat control is available, this reduc- 
tion may be made at the boiler. However, in the majority of in- 
stallations, an auxiliary means for desuperheating the steam is 
necessary. Usually this is done by introduction of water through 
spray nozzles in the main steam line or preferably in an auxiliary 
line installed especially for washing the turbine. Where the 
steam is desuperheated in the main steam line under full tempera- 
ture and pressure conditions, careful installation must be made 
to prevent damage to piping from thermal stress. 

While washing, periodic analyses of hot-well condensate give 
an indication of the character of the deposit being removed from 
the turbine and show when further washing ceases to remove any 
deposit. It is good practice to isolate the hot-well condensate 
from the rest of the system and, where deposits are appreciable, 
it is advisable to dump it to waste. Provisions should be made 
so that vacuum can be maintained. 

During the washing period the turbine is operated at subnor- 
mal speed. 

‘ Engineering Department, American Gas and Electric Service 
Corporation. 

2 W. C. Schroeder, Mem. A.S.M.E., discussion, Water Session, 
A.S.T.M. Meeting, Atlantic City, June, 1942. 

Contributed by the Power Division and presented at the Spring 
Meeting, Davenport, Iowa, April 26-28, 1943, of THe AMERICAN 
SOCIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


In cases where it is permissible for the turbine washings to be 
returned to the boilers, turbines have been washed satisfactorily 
under load. This procedure involves a number of hazards even 
under very careful control. 

The rotor of the high-pressure element of one of our compound 
units has been repeatedly washed by half-filling the turbine cas- 
ing with condensate and turning the rotor by the turning gear 
until successive washings show no removal of solids. Care is 
taken that the temperature of the condensate used for washing 
is nearly equal to that shown by thermocouples peened into the 
turbine casing. 


Warer-INSOLUBLE Deposits 


The usual practice for removal of water-insoluble deposits con- 
sists of disassembling the unit and blasting the affected surfaces 
with fly ash or other suitable abrasive. In cases where deposits 
are extremely hard, the surfaces of buckets and diaphragm noz- 
zles may be objectionably roughened by the abrasive. With this 
procedure, labor costs and capacity outages, particularly during 
the present war effort, dictate a search for speedier means of de- 
posit removal. 

At both high- and low-pressure plants of the companies with 
which the authors are associated, it has been common practice 
periodically to water-wash certain turbines to remove soluble de- 
posits. Until recently there had been little difficulty with 
deposits not removable by water-washing. Where insoluble de- 
posits did occur, they usually were in topping units and in such 
small amounts as to cause no appreciable change in turbine per- 
formance. 

Windsor Plant Low-Pressure Turbines. The Beech Bottom 
Power Company’s Windsor Plant capacity consists of four 1350- 
psi, 925 F boilers of approximately 750,000 lb per hr each, sup- 
plying two 60,000-kw topping units; these topping units ex- 
hausting to six 230-psi, 550 F, 30,000-kw condensing units. 

The first major turbine-capacity losses occurred at Windsor 
following unusually heavy condenser leakage during a period 
when the Ohio River water used for condenser cooling contained 
in excess of 300 ppm of suspended matter, of which the analysis 
in Table 1 is typical. This high leakage made it impossible to 
blow down sufficiently to maintain the silica in the boiler water 
at its usual value of less than 10 ppm, the silica at times reaching 
40 ppm. During this period, the steam quality, as indicated by 
conductivity measurements of gas-free samples, increased only 
slightly, whereas solids in the steam, determined gravimetrically, 
practically doubled. Rough checks on the residue from the gravi- 
metric quality determinations showed it to contain almost 50 
per cent silica. 


TABLE 1 SUSPENDED MATTER 
Per cent 

98.68 


Shortly after observing the higher solids in the steam, there was 
a slight loss in capacity both in the high- and low-pressure tur- 
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bines. The nozzles on the steam-jet air pumps then became 
plugged and were mechanically cleaned. 

Unit 5, one of the low-pressure units, was disassembled about 
this time for removal of the fifteenth-stage buckets. There was 
evidence of deposits throughout this machine but they were not 
extensive. A sample removed from the fifteenth-stage diaphragm 
nozzles was shown to be similar to the deposits on the steam-jet 
air-pump nozzles, the analyses of both being indicated in Table 2. 


TABLE 2 ANALYSES OF DEPOSITS FROM EJECTOR AND TUR- 
BINE NOZZLES 
Deposit removed 
Deposit removed _ from fifteenth- 
from No. 3air- stage diaphragm, 
ejector nozzle, No. 5 turbine, 
April 17, 1942, April 21, 1942, 


per cent per cent 

Sulphuric anhydride.. 0.10 0.37 
Organic and volatile. . cece 13.14 4.85 

Total... 99.65 99.63 


Following the turbine inspection, the rate of accumulation of 
deposits proved to be greater than anticipated, and within a 
short time the capacity losses on four low-pressure units totaled 
approximately 17,000 kw. Although the analysis of deposits, 
indicated in Table 2, made it appear unlikely that capacity 
could be regained by water-washing, this method of removal was 
tried without success on Unit 4, which had lost 6000-kw capacity. 
During the water-washing period, conductivity readings of hot- 
well condensate indicated that no material affecting conductivity 
was being removed. Because plant load conditions would not 
permit extensive outages of units, attention was turned to meth- 
ods other than water-washing for removal of deposits. 

Reference had been made in Germany by both Geisler? and 
Goerke‘ to the use of caustic-soda solutions for the removal of 
silica deposits. Their practices included the spraying of a 10 
per cent caustic-soda solution into the path of steam to the tur- 
bine and allowing this solution to remain in the turbine for 3 or 
4 hours. Subsequent water-washing was said to have removed 
all deposits. 

Laboratory work on the Windsor steam-jet air-pump nozzles 
indicated that if they were immersed in a boiling 10 per cent 
caustic solution for an extended period and then washed with 
water, the deposit was not removed. However, if the nozzles 
were maintained at a temperature considerably above the boiling 
point of the solution and then were repeatedly wetted with the 
10 per cent caustic solution and allowed to dry for about 15 min 
after each application, the deposit was readily washed off with 
water. 

The results of these experiments were put into practical use in 
caustic-washing Windsor low-pressure Unit 4 in May, 1942. As 
shown in Fig. 1, the below-seat drain of the turbine stop valve 
was replaced with a line for introduction of a 10 per cent caustic 
solution at a rate of about 2 gpm. While sufficient steam was 
admitted to hold the turbine speed between 100 and 200 rpm, the 
caustic solution was injected until the hot-well condensate, being 
dumped to the sewer, showed phenolphthalein alkalinity. This 
required about 45 min. The stop valve was then closed, and the 
caustic solution allowed to react with the deposits for a period of 
about 15 min after the unit came to rest. During the introduc- 


3“The Desilification of Feedwater of the High-Pressure Plant in 
Hochst,” by W. Geisler, Vom Wasser, vol. 12, 1937, pp. 381-386. 

‘Salt and Silica Deposits in Steam Turbines,” by H. Goerke, 
Elektrizitatswirtschaft, vol. 38, 1939, pp. 614-616. 
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Fic. 1 Temporary Pipinac ror INTRopucTION oF Caustic-Sopa 
SoLUTION AND CONDENSATE TO WINDSOR Low-PRESSURE TURBINES 


tion of the caustic solution, the approximate steam conditions 
at the inlet to the stop valve were 230 psi, 550 F, and beyond the 
caustic-injection point were 140 F to 200 F at a pressure slightly 
higher than the condenser pressure of 5 psia. 

Fight additional 5- to 10-min shots of caustic solution were in- 
troduced while sufficient steam was being admitted to hold 100 
to 200 rpm, each followed by the 10- to 15-min reaction period. 
The entire caustic-washing period required about 3 hr and con- 
sumed 350 lb of flake caustic soda. 

Steam was then admitted to the unit to maintain 100 to 200 
rpm, and condensate was injected at the caustic-solution injec- 
tion point at a rate of about 2 gpm. After a 3-hr washing period, 
the hot-well condensate showed approximately normal conduc- 
tivity and the unit was then returned to service. 

Prior to caustic washing, the maximum load obtainable from 
the unit was 27,000 kw with both control valves wide open. After 
washing, the unit was brought to a load of 33,000 kw, which is 
the limiting load, although the secondary valve was not in its 
full-open position. The stage-pressure data, shown in Table 3, 
indicate general distribution of deposits throughout the unit 
prior to the washing operation. In interpreting these data, it 
should be observed that, at a load of about 27,500 kw, the second- 
ary control valve admitting main steam to the fifth stage was 
wide open before washing, whereas after washing it was only 
partly open. 


‘ 


TABLE 3 WINDSOR LOW-PRESSURE UNIT 4: CONDITIONS BFE- 
FORE AND AFTER WASHING 

After 

Before washing—————. washing 

4/30/42 5/1/42 5/4/42 5/5/42 5/12/42 


27830 27560 27440 27410 27400 
Coaunenhe flow, M lb per hr...345.67 330.8 334.8 332.9 313.5 
Throttle steam temp, F....... 571 608 566 577 569 
Throttle press., psia.......... 253.7 251.2 253.1 251.7 257.2 
Turbine head press., psia..... 237.8 236.1 236.1 235.1 240.0 
Fifth-stage press., psia....... 235.3 233.6 234.4 232.8 184.1 
Eleventh-stage press., psia. 57.0 56.6 56.1 56.8 44.7 
Thirteenth-stage press., psia.. 18.75 18.50 18.80 18.70 16.30 
Condenser press., psia........ 0.57 0.66 .80 0.82 0.66 
Stage press. differences, psi: 
Turbine head to 5th stage... 2.5 2.5 2.7 2.3 
5th to stage.......... 178.3. 177.0 178.3 176.0 139.4 
11th to 13th stage......... 38.3 38.1 37.3 38.1 28.4 
13th stage to condenser.... 18.18 17.84 18.0 17.88 15.64 


During the washing operation, samples of hot-well water were 
taken at intervals for analysis, as given in Table 4. These analy- 
ses include material removed both from the turbine and the 
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TABLE 4 DEPOSITS REMOVED FROM WINDSOR UNIT 4 AS INDICATED BY ANALYSIS OF HOT- 
WELL WATER 


——Residue on evaporation,® per cent———. 


Iron 
and 
Sodium alumi- Cal- Mag- Phos- 
Sample hydrox- Silica, num cium nesium phorus 
no. Time ide, ppm ppm _ Silica oxides oxide oxide pentoxide 
1 After second shot 
3700 63 32.4 38.5 4.1 7.3 17.6 
2 After third shot of 
3 Beginning of last 
4 15 min after last 
180 50.1 18.7 9.5 9.5 12.2 
5 Beginning of water- 
617 73.0 23.3 1.9 1.3 1.6 
6 After 20 min of 
431 77.1 13.8 1.9 1.4 §.7 


® After subtracting sodium hydroxide, sodium chloride, and sodium sulphate. 


condenser and indicate the silica concentrations, as well as the 
compositions, expressed as per cent, upon evaporation to dryness, 
after subtracting sodium hydroxide, sodium chloride, and sodium 
sulphate. Most of the chloride and sulphate found apparently 
came from the caustic soda used, inasmuch as it contained 0.2 
per cent of sodium sulphate and 0.54 per cent of sodium chloride. 

To date all six of the Windsor low-pressure units have been 
caustie-washed and the lost capacity restored. Two of these 
units were washed just prior to the annual overhaul, which per- 
mitted inspection of rotors and diaphragms. The buckets of one 
rotor still showed thin friable deposits near the roots and, in 
some stages, the buckets were covered with a thin powdery ma- 
terial which could be removed by wiping. Thin adherent de- 
posits were still evident on some diaphragm nozzles. The other 
unit inspected showed the diaphragms and the buckets to be prac- 
tically free of deposits. 

It should be recognized that turbine deposits may unbalance 
the thrust forces sufficiently to throw an excessive load on the 
thrust bearing. Thus, in several instances, Windsor low-pres- 
sure-turbine deposits have made necessary the reduction of 
turbine output to limit thrust-bearing oil temperatures. 

Philo Low-Pressure Turbine. The new extension of the Philo 
Plant of The Ohio Power Company consists of two cross-com- 
pound units, each totaling 90,000 kw capability, the load being 
approximately equally divided between the high- and low-pres- 
sure elements of each unit. An arrangement is provided whereby 
the low-pressure turbine may be operated independently of the 
high-pressure turbine by high-pressure desuperheated steam 
through the auxiliary control valve and pressure-reducing ar- 
rangement incorporated in its governing mechanism. The high- 
pressure-turbine exhaust conditions vary from about 120 psi, 
450 F at full load to about 36 psi, 300 F at one-third load. Each 
unit is served by two 450,000-lb per hr boilers delivering steam 
at 1375 psi and 950 F total temperature. Boiler superheat is 
controlled by means of spray-type attemperators located be- 
tween the primary and secondary superheaters. 

Shortly after compound Unit 4 was put into service, the pres- 
sure drop across the twin steam strainers at the inlet of the low- 
pressure turbine was observed to be increasing. Likewise, the 
difference between first- and third-stage pressures of the low- 
pressure turbine showed an increase but not at as high a rate as 
the strainer pressure increase. The strainer pressure drop finally 
rose to a value which made necessary the shutdown of the unit 
to clean the strainers. The deposit was found to be very thin, 
hard, and tightly adherent. Water-washing was employed with- 
out effect. An analysis of the deposit showed it to be high in 
silica with appreciable quantities of iron and calcium and small 
amounts of magnesium and phosphate. The screens were cleaned 
with wire brushes and scrapers. 

Over the period during which deposits were accumulating, 
both on the strainers and in Unit 4 low-pressure turbine, silica 


in the boiler waters was abnormally high due to unusual operating 
conditions. 

Following the cleaning of the strainers, the first-to-third-stage 
pressure difference in Unit 4 low-pressure turbine continued to 
increase until the limit set by the turbine manufacturer was 
reached and slightly exceeded at high load. Because of the be- 
lief that the deposit could not be removed by water-washing 
and, in view of limited permissible outage, it was decided to 
proceed with caustic washing, following in general the Windsor 
procedure. This was done on June 7, 1942. As indicated in Fig. 
2, the caustic solution was introduced directly below the two 
steam strainers in the low-pressure steam leads to the turbine 
and was atomized by means of nozzles which extended up through 
the drain-connection openings. These nozzles were designed to 
give a flow of approximately 1 gpm each under a total head of 
65 ft. Prior to the installation of the nozzles, a check test was 
made of the flow rate and effectiveness of atomization. 

Caustic-solution injection below the strainers was preferable 
to injection into the below-seat drain of the control valve, thereby 
avoiding caustic contact with the valve-guide bushings and pos- 
sible interference with free valve movement. 

The turbine was operated independently of the high-pressure 
element by means of the auxiliary steam admission valves using 
high-pressure steam at 1100 psi, desuperheated to 600 F, and con- 
trolled to give 100 to 200 rpm. The steam conditions beyond 
the caustic-solution injection point were 250 to 350 F and 3 to 6 
psia. 

Five injections of 10 per cent caustic-soda solution were made, 
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Fig. anp Cavustic-Sopa CONCENTRATIONS IN HoTt-WELL 
Water DurRING WASHING OF PuILo Unit 4 Low-PrEssURE TURBINE 


requiring approximately 150 Ib of flake caustic. The unit was 
then water-washed with condensate through the atomizing noz- 
zles for a period of 10 hr. For reasons not yet determined, the 
water-washing operation required a much longer period than an- 
ticipated. A log of operations and concentrations of NaOH and 
SiO, in the hot-well water is given in Fig. 3. 

Table 5 indicates the stage-pressure differences before and 
after washing. According to these data, the deposits were con- 
fined mainly to the first to third stages. Caustic washing re- 
stored stage pressures substantially to design conditions, 


TABLE 5 PHILO UNIT 4 LOW-PRESSURE STAGE-PRESSURE 
DIFFERENCES WITH 840,000-LB PER HR STEAM FLOW TO UNIT 
4 HIGH-PRESSURE, AND WITH ALL BLEED HEATERS IN SERV- 


Stage-pressure differences, psi 
9 to con- 


Date Bowlto3 3to6 6 to9 denser 

Before washing 

arr 65 36 17.8 2.0 

67 36 17.2 2.3 

Steam strainers hand-cleaned, on May 10 

68.8 37 17.8 1.8 

7 37 17.0 2.2 

69 36.5 17.4 1.9 

69.5 36.5 17.4 1.8 

70 36.5 17.6 2.0 

69 36.5 17.6 1.8 
After washing 


Windsor Boiler-Feed-Pump Turbines. The three Windsor 
feed pumps of Unit 7 boilers are driven by 1250-hp 3500-rpm tur- 
bines, receiving steam at 230 psi 550 F and exhausting at 8 to 16 
psia. These turbines were washed with caustic-soda solutions, 
using the established procedure, except that during washing the 
turbines exhausted to the atmosphere. It was therefore neces- 
sary to pump in the caustic solution and condensate. 

The caustic solution was injected in two shots through a pres- 
sure-gage connection in the pipe between the throttle valve and 
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the steam chest. The steam-chest control valves were blocked 
wide open, and the steam flow controlled by means of the throttle 
valve to hold 100 to 300 rpm. Condensate was then injected at 
the same point until the exhaust drips showed substantially nor- 
mal conductivity. The entire operation required 6 to 7 hr per 
unit. Typical results are as follows: 


First-stage 


pressure, Pump output, 
psia Ib per hr 
Before washing............. 156 528,000 


GENERAL RECOMMENDATIONS 


Inasmuch as there has been comparatively little experience 
with the caustic washing of turbines, no specific recommenda- 
tions can be made for a given application. Consideration of the 
turbine design and arrangement, together with further study of 
the washing procedure itself, must be the guide in its use. How- 
ever, based upon the authors’ experience to date, the following 
suggestions are offered for those who wish to attempt the removal 
of water-insoluble deposits from condensing units: 

1 Since it is necessary, among other things, for the successful 
removal of deposits, to coat the affected surfaces with caustic 
soda, the method of introducing the solution should assure its 
thorough distribution over these surfaces. This is believed to be 
effectively accomplished by atomizing the solution and introduc- 
ing it into the main steam flow. 

2 The design of packing glands on turbine stop and contro! 
valves should be carefully reviewed when the caustic-washing 
procedure is contemplated. Where the point of caustic-solution 
introduction is such as to permit the stem packing to be flooded 
with solution, some difficulty has been experienced with the stick- 
ing of stems and in removing the packing. This has occurred 
only on valves having stems which extend downward. 

Consideration is being given to the use of a temporary soft 
packing during the washing operation, this packing to be re 
placed before the turbine is returned to service. 

3 The foregoing precaution is also applicable to the more 
recent designs of packing glands which depend upon steam leak- 
off through close-clearance bushings. In one instance, some of 
the control valve stems froze in the bushings and were extremely 
difficult to remove. Water-washing was ineffective in removing 
the solidified caustic. Depending upon turbine design, the proper 
selection of the caustic-solution injection point may forestall thi- 
difficulty. 

4 For low-pressure units, the caustic solution usually can be 
most conveniently introduced by gravity flow. However, if ad- 
visable, it may be pumped. 

5 During the caustic injections, the shell drains should |x 
closed, and during the subsequent washing with condensate, 
these drains should be open to the condenser. 

6 All turbine instrument and bleed connections should | 
closed to prevent access of caustic to external equipment. 

7 Excessive rates of temperature change of turbine parts 
should be avoided with the same care as used in normal opers- 
tion. 

8 The authors’ experience with turbine deposits has beer 
limited to those which are comparatively thin. To assure thi 
removal of heavy deposits, it may be advantageous to repeat tlie 
entire washing cycle. As both physical and chemical characteris- 
tics of deposits are changed by caustic treatment, a unit se 
treated should not be returned to service before receiving * 
thorough water-wash. If a turbine is returned to service wit! 


heavy coatings treated by caustic, these coatings may become 
detached causing damage to the unit. 
9 Although the authors have not used agents to improve thie 
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wetting properties of the caustic-soda solution, their use is con- 
templated in the near future. Such agents should be particularly 
effective where oily deposits exist on the latter stages. 


CONCLUSIONS 


Experience to date with seven low-pressure turbines and with 
three feed-pump turbines of the American Gas and Electric 
Company system indicates that the variety of water-insoluble 
turbine deposits encountered can be removed from turbine 
buckets and diaphragm nozzles by washing with caustic-soda 
solutions to regain lost capacity and to restore stage pressures to 
normal, This has been accomplished by using available connec- 
tions as injection points and without definite knowledge of con- 
ditions for speediest and most complete removal of deposits. 
Studies are under way to determine, for specific types of deposits, 
the optimum conditions for their removal. 

Although so far there have been only slight indications of 
water-insoluble deposits in our topping units, there is every reason 
to believe that these units or any high-pressure condensing units 
ean be successfully washed, provided (1) facilities can be made 
available for introduction of the eaustic solution at suitable 
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points; (2) temperatures can be properly controlled; (3) wash 
water can be injected where it will remove soluble deposits and 
residual caustic effectively; and (4) the washings can be run to 
waste. 

Fear has been expressed that the caustic soda may damage 
turbine parts, either from caustic embrittlement or corrosion. 
The authors grant that such conditions may occur but feel that 
the short period of caustic contact, the probable absence of high 
stresses if temperature conditions are properly controlled, and 
the thorough subsequent water-washing would make the likeli- 
hood of damage improbable. At the same time, they recognize 
that a thorough investigation to prove or disprove the possibility 
of such attack is highly desirable. 

From a turbine-outage standpoint especially, the procedure 
outlined in this paper for removal of insoluble deposits from tur- 
bines without disassembly should be of primary interest to all 
operators of high-pressure steam plants. Many have shown 
great interest in it and some have used it. It is urged that those 
who use chemical means for the removal of insoluble turbine 
deposits make their experiences and improvements in technique 
available to the industry as a whole. 
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Chemical Removal of Scale From 


Heat-Exchange Equipment 


By F. N. ALQUIST,'! C. H. GROOM,? anv G. F. WILLIAMS?# 


The use of inhibited hydrochloric-acid-base solvents to 
remove scale from various commercial units, chiefly boil- 
ers and other heat-exchange equipment, is comparatively 
new. A sample of the scale to be removed is subjected to 
X-ray and spectroscopic analysis and solubility tests as an 
aid in determining the conditions of treatment. Four 
treatments of commercial equipment and results obtained 
are described, the mobile equipment used in chemical 
cleaning is illustrated, and tables of scales and their oc- 
currence are presented. 


ComMMERCIAL Uses oF INHIBITED HyprRocHLOoRIC AcrID 
r NHE removal of surface scale from iron and steel by im- 


mersion in acid is an old art which owes its growth to the 
discovery that the addition of certain materials called 
inhibitors practically prevents attack on the base metal but 
permits fairly rapid solution of the scale. Study of the literature 
shows innumerable references to substances possessing inhibiting 
qualities in varying degrees including aldehydes, glue, dextrin, 
glucose, crude anthracene, anthracene residues, waste sulphite 
lyes, coal-tar products, thiourea, quinoline, pyridine, and many 
others too numerous to mention. Recent discoveries have pro- 
duced several exceedingly potent inhibitors, each appropriate 
for the particular type of work for which it was devised. 
However, inhibitors alone do not make a good scale solvent. 
Other agents must be added to the inhibited acid to adapt it to 
the particular type of scale to be removed. 
In the latter part of the nineteenth century, a United States 
patent was granted on a method for increasing the flow of oil 


A 


PerCent Effectiveness of Various 
Inhibitors in Preventing 
Corrosion of Stee! 


56 66 0 60 90 10 
Per Cent Effectiveness 


Fig. 1 ComparATIVE VALUE OF A Few INHIBITORS 


wells in limestone formations by treating the formation with acid, 
particularly hydrochloric acid. The method, although effective, 
was not widely used because of the corrosive action of the acid on 
the metal parts of the oil well. Later this objection was elimi- 
nated by the use of inhibited acid. 
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Research on the use of inhibited acid has continued, with the 
result that in the last few years inhibitors have been developed 
for almost every type of metal normally utilized in the construc- 
tion of heat-exchange equipment at various acid concentra- 
tions, temperatures, and time intervals. This research program 
has developed a knowledge of what types of metals can be safely 
contacted with inhibited acid, which makes it possible to remove 
scale deposits from heat-exchange equipment with chemical 
solvents. The comparative value of a few inhibitors is shown in 
Fig. 1. 

Industry itself has made many attempts to supplement me- 
chanical cleaning with chemical cleaning, the results being varied 
and occasionally unsatisfactory, due mostly to incomplete knowl- 
edge of the materials concerned and lack of adequate equipment. 
The introduction of a scale-solvent-removal service was wel- 
comed by industry, and it is due to the willing co-operation of oil 
refineries, power companies, and other industries possessing heat- 
exchange equipment that the knowledge of chemical scale sol- 
vents has reached its present state of advancement. 


SAMPLING OF SCALES 


A solvent treatment for the removal of scale is based upon the 
particular scale to be removed. Naturally, the scale sample is 
very important and should be representative of the scale in the 
equipment. It should be taken from surfaces where it is the most 
difficult to remove. A scale sample from a boiler should repre- 
sent the hardest, most dense scale found in the boiler and proba- 
bly should come from the hottest tubes. Scale samples from 
condensers and similar equipment should come from near the 
inlet where the heaviest deposits are formed. The sample should 
represent the deposit down to the bare metal. The preferred 
type of sample is a small section of tube or pipe containing the 
scale; however, as in most cases this is neither necessary nor prac- 
tical, chunks of scale are most frequently obtained and are ade- 
quate. Powdered scale in most instances is sufficiently satis- 
factory, but chunks of scale make the design of a treatment much 
more certain. 


X-Ray ANALYsIs oF ScALE SAMPLES 


The scale sample is first examined for its physical characteris- 
tics, such as density, porosity, thickness, manner of formation, 
etc., and whether it appears to consist of more than one type, 
as is usually the case with scales composed of different iayers. 
After this general examination, the chemical compounds com- 
posing the scale are identified by means of X-ray diffraction 
patterns. This method of analysis results in the determination 
of actual compounds as they exist in the scale, which is not pos- 
sible by other analyses. 

The X-ray equipment used is a multiple diffraction unit con- 
sisting of a transformer, X-ray tube with molybdenum target, 
and cameras. Twelve slits around the circumference of the 
cylinder containing the X-ray tube define the X-ray beams. 
There is also a switchboard on which are mounted the operating 
switches, meters, filament-current stabilizer, a water-pressure 
switch, and an overload circuit breaker. In addition to this 
standard equipment, there is a recording milliammeter, which 
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Fig. 2. X-Ray Dirrracrion Patrerns oF Ten Typical ScaLes 


vives a record of the tube current during exposure; a time switch, 
by which an exposure can be stopped at a predetermined time; 
and a temperature switch which cuts off the voltage when the 
cooling-water temperature reaches 100 F. 

The specimens are powdered and loaded into capillary tubes, 
inserted in the camera, placed on the diffraction unit, and ex- 
posed for 6 hr at 30,000 v and 20 ma. Development of the 


TABLE 1 ANALYSES RESOLVED FROM PATTERNS SHOWN IN FIG. 2; BY PERCENTAGES 


Cal- Mag- 
Cal- cium nesium 
cium hydroxy Basic hy- 
car- phosphate’ Iron Iron iron droxide, 
Sample borate, Caio(OH)2- oxide, oxide, oxide, Meg(OH)s: 
no. CaCOs (POa)s Fe03 FeOOH 
1 1004 
2 30 50 
3 40 40 
4 80 
5 60 
6 25 50 
7 20 10 60 
8 40 40 10 
9 30 5 60 
10 60 40 


* Calcite, 80 per cent; aragonite, 20 per cent. 


films requires about 1'/2 hr. The diffraction pattern on the 
developed film is then compared with patterns of known crystal- 
line substances, thousands of which are available in a com- 
prehensive filing system much like a fingerprint file. 

Fig. 2 shows the X-ray diffraction patterns of ten typical 
scales, while Table 1 contains the analyses resolved from the X- 
ray diffraction patterns shown in Fig. 2. 

Some of the advantages of the X-ray method of analysis are as 
follows: 


1 Substances are shown in their true state of chemical com- 
bination. 

2 The analysis is conclusive, even though only small amounts 
of material are available. This is valuable for scale studies, 
where it is sometimes quite difficult to obtain a large sample 
without dismantling the equipment. 

3 Samples are analyzed as received and are not destroyed. 

4 Preparation of sample and procuring of the pattern are 
simple and economical. 

5 A permanent record of data is always on file in the form of 
the pattern. 


sulphate, Miscel- 
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6 The analysis is quickly 
and cheaply made. This is of 
importance when time and ex- 
pense are controlling factors. 


At the present time, X-ray 
diffraction gives a semiquanti- 
tative analysis. The accuracy 
varies widely but usually allows 
a determination to within 5 per 
cent of the amount present. 

Sometimes a scale is en- 
countered which gives a dif- 
fraction pattern which does not 
match any of the reference 
patterns. In these instances 
the X-ray analysis is supple- 
mented by a spectroscopic an- 
alysis which shows semiquanti- 
tatively the metallic elements 
present. Whether the metallic 
elements are combined or un- 
combined makes no difference 
as the total amount is obtained. 
As an example, scale found on 

the Admiralty metal tubes of several large condensers gave an 

X-ray diffraction pattern which did not match any of the ref- 

erence patterns but had a distinct relation to spinel, a mineral 

which is the double oxide of magnesium and aluminum, MgO.-- 

Al,O;. A spectroscopic analysis indicated that the scale had 

a high iron and copper content, 1 to 5 per cent zine, 0.1 to 1 

per cent aluminum, 0.05 to 0.5 per cent lithium, calcium, and 

magnesium. Thus the metals 
present in the scale in signifi- 
“a cant amounts were iron, copper, 
sihante, Calcium and zinc, while aluminum and 
magnesium were present in in- 
significant amounts. If the 
20 FeCOs  oale were a spinel-like mate- 


2H:0 CaSO, laneous 


15 5 SiO: 

10 30 20 FeO rial as the X-ray diffraction pat- 
10 25 terns indicated, it is most likely 
10 that it is a double oxide of zinc 
F and iron with the copper present 


in a separate compound, or more 
likely the scale is a combination 

of the oxides of zinc, copper, and iron. 
Table 2 shows a few of the scales which have been encountered. 


TABLE 2 TYPES OF HEAT-EXCHANGER SCALE DEPOSIT 
Name of scale X-ray analysis Where found 


Calcium hydroxy phosphate.... Ca:0(OH)2(PO«)« Boiler 
Pectglite.... Condenser 


Magnesium hydroxide......... Mg(OH): Brine evaporator 
Alpha FeOOH Bubble tower 
FesOx Oil cooler 
cooler 
| FeS: Gas pipe line 
Magnesium MgO Boiler 
Hydrated magnesium silicate... MgsSivO;-2H:O Firetube boiler 
NaAlSizO6- H20 Watertube boiler 
CaSO. Open-box heat 
exchanger 


Fretp Data oN BorterR AND Heat-ExcHANGER SCALES 


Tables 3 and 4 show the compositions of scales found in vari- 
ous heat-exchange equipment. The data are selected from « 
large number of scale samples investigated over a period of years. 
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TABLE SCALES FROM BOILERS®¢ 


Percent- 
age of Percentage of scales containing compound 
scales in conce “er indicated 

containing 1-25 26-! 51-75 76-100 

Compound compound per cent per pf per cent per cent 
OO ee 54 31 15 23 31 
41 67 15 0 18 
33 20 30 8 42 
Iron oxides........ 32 40 29 14 17 
28 20 16 7 47 
eee 14 33 47 20 0 


1 100 0 0 0 
4 Scales from boilers have been analyzed and tabulated to show the types 


of scales predominant in boilers. 


TABLE 4 SCALES FROM CONDENSERS, EVAPORATORS, 
HEAT-EXCHANGE EQUIPMENT? 


AND 


Percent- 
age of 
scales 
contain- Percentage of scales containing compound 
ing in concentrations indice ated 
com- 1-25 26-50 51-75 76-100 
Compound pound per cent percent percent per cent 
54 33 27 3 37 
Iron oxides........ 54 17 13 17 53 
18 20 30 30 20 
18 40 40 0 20 
_ 7 75 25 0 0 
7 50 25 0 25 
Sulphides.......... 5 67 0 0 33 
4 50 50 0 0 


Car (OH)2(POs)s.... 


* Scales from condensers, evaporators, and heat exchangers have been 
analyzed and tabulated to show types of scales predominant in this type of 
equipment. 


It is interesting to note that calcium-hydroxy-phosphate is 
characteristic of boilers as a result of feedwater treatment, while 
it rarely occurs in other heat-exchange equipment. Iron oxides, 
calcium sulphate, caleium carbonate, and silicates are common to 
all equipment. 


SELECTION OF SOLVENT 


From the physical and chemical characteristics of the scale, 
the various solvents suitable for dissolving and disintegrating 
that type of scale are readily selected. 

The usual solvent base is muriatic acid, which is rendered non- 
corrosive by the addition of special inhibitors applicable for the 
particular metals and scales to be encountered. To this acid 
are then added catalysts, wetting agents, intensifiers, reaction- 
control agents, etc., to adapt the solvent to the scale to be treated. 
Different scales require different auxiliary chemicals, which fact 
accounts for the importance placed upon the identification of the 
scale. Fig. 3 shows the effect of a wetting agent. 

Solubility determinations are then made under varying condi- 
tions similar to those to be encountered in the treatment. Time, 
temperature, and manner of 
application of the solvent are all 
considered. These tests not only 
verify the choice of solvent make- 
up but they also indicate the 
best treating technique. 


TREATING TECHNIQUE AND 
EQuriPpMENT 

The equipment available for 
the chemical cleaning of heat- 
exchange equipment is the result 
of years of experience in the 
chemical treatment of oil wells. 
Motorized units are equippcd 
with large metal tanks for trans- 
porting the necessary chemicals 
and pumps. for pumping the pre- 
pared solvent into the industrial 
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= Reaction Rate of Inhibited 
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2 Soaked Scale. 
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Reaction Time in Minutes 


Fie. 3) Errect or WETTING AGENT 


equipment to be cleaned. Each treating unit has a proportioning 
apparatus for diluting the solvent with water which is obtained 
on the premises and also apparatus for adding auxiliary chemi- 
cals. In this manner, the awkwardness of handling acid in glass 
carboys and the need for mixing tanks are eliminated. A heater 
which raises the temperature of the prepared solvent is also part 
of the equipment. Fig. 4 shows a treating unit, while Fig. 5 
shows a typical treating hookup. 

In removing scale from a heat-exchange unit, the unit is taken 
out of service, drained, and isolated from all portions not to be 
cleaned, by closing all connecting valves or blank-flanging piping. 
Prepared solvent at the prescribed temperature is pumped into 
the unit through one of the lower connections until the unit is full. 
The solvent may then be circulated continuously, intermittently, 
or allowed to stand according to the treatment prescribed. 

Samples of solvent for strength and temperature determina- 
tions are taken at regular intervals as the treatment proceeds. 
With scales of calcium carbonate or similar types, the solvent 
strength indicates when the scale is all removed, Fig. 6. 

When the solvent treatment is finished, the solvent is drained 
to the sewer and all traces of solvent flushed out of the treated 
equipment with water. The water flush is often followed by an 
additional chemical neutralizing solution. After inspection, the 
unit is ready to be put back into service 

Chemical-solvent treatments made to date include nearly 100 
different types of industrial equipment. Amon these have been 
different types of boilers—stationary, marine, and locomotive, also 
heat exchangers, economizers, superheaters, water softeners, 
filters, evaporators, heaters, water lines, sewers, condensers, and 
cooling systems on compressors and internal-combustion engines, 


completely wit 


Fie. 4 Mororizep Tank Units ror TRaNsporRTING CHEMICALS 
(Motorized units bring chemicals to the cunipment, te be descaled in sufficient quantity to fill fouled space 


solutions of necessary strength.) 
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LimIraTIONsS OF CHEMICAL CLEANING METHODS 


Naturally, most mechanical engineers have had little experi- 
ence with chemical cleaning methods. As the materials used are 
reactive and in concentrated form, they must be properly han- 
dled. Experience in this field is advantageous. Power-plant 
engineers depend upon their chemists for guidance in handling 
chemicals. 

All types of scales cannot be readily removed, and it is there- 
fore necessary to determine the composition of the scale be- 
fore treatment. The types of scales difficult to remove are cal- 
cium sulphate, certain silicates, and some refinery scales. How- 
ever, scales containing certain percentages of calcium sulphate, 
and about 80 per cent of the silicate scales encountered may be 
satisfactorily removed. 


EVALUATION oF CHEMICAL METHODS FOR REMOVAL OF SCALE BY 
EXAMPLES 


Illustrative of the wide application of the chemical cleaning of 
heat-exchange equipment are the following examples: 

1 A Babcock & Wilcox integral-furnace boiler, supplying 
process steam at 225 psi pressure, was scaled over with a */j¢-in. 
deposit which X-ray analysis showed to be mostly calcium- 
hydroxy-phosphate, Cao(OH)2(PO,)s, with a small amount of a 
similar compound containing magnesium in place of the calcium, 
and fluorine in place of the hydroxyl. Treatment of this boiler 
with the prepared solvent removed approximately 1500 lb of scale 
which was determined by analysis of the used solvent. Visual 
inspection revealed that all scale was removed. Less than 24 hours 
after the start of treatment, the boiler was ready to go on the line. 

2 A utility boiler, generating 350,000 Ib of steam per hr at 
1250 psi pressure operates on condensed steam and evaporated 
make-up with internal phosphate treatment. Twice a year the 
boiler is taken out of service and the tubes turbined. Because of 
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the length and construction of some of the tubes, turbining is not 
satisfactory. X-ray analyses of scale samples taken from various 
parts of the boiler showed the following: 

Calcium-hydroxy-phosphate, Caio(OH)2(PO.)6, 50 per cent 

Iron oxide, FesO4, 40 per cent 

Iron oxide, Fe:O3, 10 per cent 
Prepared solvent, totaling 12,500 gal, dissolved approximately 
1/, ton of scale (by analysis of used solvent). Turbinings from 
several of the tubes after the treatment showed only a trace of 
scale. 

3 A Babcock & Wilcox return-bend integral economizer on a 
medium-pressure boiler, supplying process steam, requires clean- 
ing every 6 months. When cleaned mechanically, the boiler 
has to be taken out of service for a considerable time, and 440 
U-bends have to be removed, the turbines run, and 880 copper 
gaskets replaced. Mechanical cleaning of this economizer was 
definitely not satisfactory, so chemical cleaning was tried, which 
worked out very successfully. The scale deposited in the econo- 
mizer averages approximately : 

Calcium-hydroxy-phosphate, Caio(OH)2(PO.)s, 75 per cent 
Iron oxide, FexO3, 25 per cent 
The total solvent cleaning time is less than 8 hr. Repeated 
treatments (ten to date) of this economizer show no ill effects. 

4 A novel treatment which illustrates the varied applica- 
tions of chemical-solvent cleaning was that of the underground 
piping of a waste-disposal system made up of 1714 ft of 16 to 30- 
in. pipe. X-ray analysis showed the scale in the system to be: 

Iron carbonate, FeCO:, 75 per cent 

An amorphous iron compound, 15 per cent 

Chemical analysis showed 10 per cent organic material 
Prepared solvent totaling 42,000 gal was used to clean the system 
which was back in service within 24 hr. The pumping rate was 
increased from 11.6 to 14.4 million gal per day. 


ADVANTAGES OF CHEMICAL CLEANING 
The advantages of the chemical cleaning method include: 


1 Outage time is materially reduced. 

2 Dismantling operations are eliminated, since solvents can 
circulate through existing connections and penetrate wherever 
steam and water flow, cleaning all inaccessible locations. This 
is of considerable importance as much equipment is being designed 
for maximum economy and efficiency rather than accessibility. 

3 No extra labor or equipment is necessary. 

4 Equipment replacements, such as gaskets, turbines, etc., 
are greatly lessened. 


Chemical cleaning, with its accompanying saving of down- 
time, man-hours, and metals, fits in with the nation’s war effort. 
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Proposed Specification 


In order to overcome drawbacks of the standard test to 
determine delamination of plywood, which is dependent 
upon visual examination of a sample which has been sub- 
jected to a standard manner of soaking, the author has 
conducted tests designed to show that an actual physical 
test for modulus of rupture or modulus of elasticity will 
provide a quantitative measure of loss in strength due to 
wetting, and consequent delamination. Such a test is 
demonstrably far superior to the qualitative visual test 
now in use to forecast the ability of a plywood to with- 
stand atmospheric exposure. Asa result of the tests, the 
author proposes that a specification which is outlined 
in the paper be made a part of the delamination test for 
plywood. 


HE standard test for delamination of plywood depends for 
its consummation upon the visual examination of a sample 
which has been subjected to a standard manner of soaking. 
Swelling of the plys often removes the external evidence of de- 
lamination. Core voids permit the entrance of water to the in- 
terior of the sample, where serious delamination may occur and 
yet be unobserved from the outside. The tests made in connec- 
tion with this report were intended to show that an actual physical 
test for modulus of rupture or modulus of elasticity will provide a 
quantitative measure of the loss in strength due to wetting, and 
any consequent delamination, and that such a quantitative test is 
far superior to the qualitative visual type of test now in use to 
forecast the ability of a plywood to withstand atmospheric ex- 
posure. 
Treatment of the Douglas-fir samples in various ways intended 
to repel the water give interesting results as to what may be 
expected from such treatment. 


MatTerIALs UsepD AND TREATING PREPARATIONS 


A moisture-resistant grade of Douglas-fir plywood, glued with a 
vegetable glue into a 5-ply panel, was cut to make 42 specimens 
12 in. long, 4 in. wide, and !/3 in. thick. The panel was sound 
both sides with both sidessanded. All samples were cut from the 
original panel in such a way that no core voids were present 
or were so close to the ends of the specimen that they could be 
ignored. No core voids larger than !/i. in. were permitted. Six 
specimens were prepared for each condition of testing. 

One set of samples was soaked without treating. Three other 
sets were treated with commercially available preparations in- 
tended to repel the water. These preparations will be identified 
as follows: 


Preparation A. A toxic preservative which may be used as a 
vehicle for prime painting. 

Preparation B. A synthetic-resin type of preservative which is 
a better thinner and vehicle than type A. 


1 Assistant Professor of Civil Engineering, Carnegie Institute of 
Technology. 

Contributed by the Wood Industries Division and presented at 
the Spring Meeting, Davenport, Iowa, April 26-28, 1943, of TH» 
AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Preparation C. A mixture of 3 parts by volume of boiled lin- 
seed oil and 1 part by volume of synthetic turpentine. 


The samples were dipped in preservative for 10 sec and then 
allowed to dry for 24 hr. Both the samples and the preserva- 
tives were kept at room temperature prior to and after dipping. 


METHOD OF TESTING 


Untreated as well as treated specimens were submerged in 
water at room temperature for a period of 4 hr. They were then 
dried at room temperature for a period of 20 hr. This cycle of 
wetting and drying was then repeated giving a total of 2 cycles for 
each specimen. Following the last period of drying, the speci- 
mens were tested after a final 24-hr additional drying period. 

The panels were tested as simple beams on a span of 10 in. with 
a concentrated load at mid-span. Load was applied through a 
cast-iron block tapered to a */s-in. bearing surface at the point of 
contact with the beam. The specimens were supported on similar 
blocks. Deflections were obtained with a dial gage reading 
directly to 0.001 in., and by estimation to 0.0001 in. Load was 
applied with a mechanical type of testing machine reading to 1 Ib. 
For each 25-lb increment of load, the corresponding deflection 
was read to furnish the data for a load-deflection curve. 


THEORY AND INTERPRETATION OF TEST RESULTS 


If a plywood panel delaminates upon soaking, this delamination 
will be best observed in either a shear or a bending test. The 
shear test, because of the size of test panel necessary to secure 
dependable results, is not practical. Since horizontal shear is 
developed in a beam supporting bending loads, the beam test 
will subject the specimen to the shearing type of stress necessary 
to detect glue failures. The evidence of delamination may be 
observed both in the modulus of elasticity and the modulus of 
rupture. That this is true may be seen from the analysis pre- 
sented herewith. 

The deflection at mid-span of a simply supported beam loaded 
at the center may be determined from the following relationship 

‘ PL* 
~ 48 EI 
in which A = deflection at mid-span, in. 
P = load at mid-span, Ib 
L = span of beam, in. 
E = modulus of elasticity in bending, psi 
I = moment of inertia of cross section, in.* 
bd? 
~ 12 
This relationship holds, within the proportional limit, for a solid 
beam, or for a beam composed of two separate parts but having 
these parts keyed together in such a fashion that sufficient shear- 
ing resistance is offered by the keys to prevent separation along 
the joint, as shown in Fig. 1(a) (6). In a solid plywood panel, 
the glued joint is the counterpart of these keys. When the keys, 
or glue in the case of delamination, are not present, the resulting 
loss in stiffness (modulus of elasticity) and flexural strength 
(maximum load) occurs at a relatively fast rate, as will be shown. 
The deflection of a two-section beam without keys, as shown in 
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Maximum Pros | 
u 4 
Deflection 


(a) Solid Beam 


3 
48 EI 


(b) Two-Section Beam With Keys 


$ 


(c) Two-Section Beam Without Keys 


Fig. 1 ComparIsON OF DEFLECTIONS AND ULTIMATE LOADS FOR A 
Sotip Ptywoop PANEL BEAM AND A DELAMINATED TWwoO-SECTION 
BEAM 


(This comparison also applies to a two-section beam with keys. The proper- 
ties shown vary as the square of the number of plys.) 


Fig. 1(c), is equal to one half the deflection of either equal section 
(neglecting friction). The deflection of one half the beam would be 


in which P, L,and EZ = as before 
A” = deflection at mid-span of one-half beam, 


in. 
b(d/2)* __bd* 


and the deflection of the entire two-section beam would be 


~ 2\48EI' 


Substituting the value for J’ 


PL 


A'= 


Replacing these values for cross-sectional properties with the 
solid section value of J = bd*/12 gives 


(24) 
~ 


or the deflection of the two-section beam without keys is 4 times 
that of the solid or properly keyed (glued) beam. 

A similar analysis for the maximum load, which the various 
types of beams will hold, may be made with the ordinary flexure 
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formula. The relationship for stress in a solid or properly keyed 
beam is 


Md 
21 
in which s_ = stress at outer fiber of beam, psi 


M = bending moment, in-lb 
dand I = as before 


By substituting the bending moment at mid-span, M = PL/4, 
this may also be written 


Solving for the maximum load which the beam will support 


8/s 
Pax = 


Ld 
in which 


s, = modulus of rupture, psi, the fictitious maximum fiber 
stress which exists at the ultimate load. Since the 
flexure formula may be applied only to stresses within 
the proportional limit, the actual maximum load is much 
higher than that obtained using the ultimate strength 
of the material for s,. 

I, L, and d = as before 


Replacing the moment of inertia in this relationship with that for 
two half sections of a two-section beam without keys, as was done 
for deflection, and solving for the maximum load gives 


1/8I/s 
P'na = ~ 
3 (ste) 


or the maximum load which the two-section beam without keys 
will support is one fourth that which the solid or properly keyed 
beam will support. 

From a similar analysis, it may be shown that, for a beam made 
up of four unkeyed sections, the deflection is 16 times that of a 
solid beam, and the maximum load which the beam will support 
will be 1/i¢ that which a solid beam will support. It may be 
stated therefore that these properties vary as the square of the 
number of unkeyed sections or laminations. This leads to the 


general formula for deflection 
(zz PL 
\ 


in which n = number of unkeyed or unglued laminations 
P, L, E, and J = as before, with J based on depth of all 
plys included in term n. 


and for maximum load 


n? Ld 


These relationships show that both the deflection and maximum 
load are very sensitive to change caused by delamination and 
would therefore make a desirable quantitative test to present the 
results of exposure. 


Resvutts or Tests 


The first tests were made to determine the properties of the 
untreated and unsoaked panels. The results of these tests are 
summarized in Table 1 for those specimens designated by the 
symbol P. As noted in this table excessively high or low values 
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TABLE 1 


MUHLENBRUCH—DELAMINATION TESTS OF PLYWOOD AND A PROPOSED SPECIFICATION 


MODULUS OF ELASTICITY AND MODULUS OF RUPTURE OF 1/2-IN. DOUGLAS-FIR 


PLYWOOD-PANEL SPECIMENS, TREATED WITH VARIOUS WATER-REPELLENT PREPARETIONS 


Modulus of 


Preservative Specimen elasticity, psi 
P-1 9975005 
Pp-2 1168000 
1 P-3 1178000 
Untreated P-4 1308000 
P-5 1240000 
P-6 1297000 
A-l 11200005 
A-2 13080005 
201006 
Preparation A 1335000 
A-5 1226000 
A-6 1172000 
B-1 1133000 
| B-2 14720006 
> } 3- 1183000 
Preparation B 1030000 
| B-5 1264000 
B-6 1274000 
C-1 14090005 
} C-2 1175000 
> C-3 1370000 
Preparation C | C-4 1266000 
C-5 1190000 
C-6 1160000 


+b Not included in average indicated by (a). 


TABLE 2 MODULUS OF ELASTICITY 


Average modulus 
of elasticity, psi 


a Excessively high or low values not included in average. 


AND MODULUS OF RUPTURE OF !/2-IN. 


Modulus of 

rupture, psi 
74706 
9300 
9300 
9300 
9220 
9220 
9150 
7320 
8380 
8840 or 
9300 
64005 
8840 
8380 
90006 8590 
8230 or 
79206 
8850 
9000 
8180 
9000 
96005 or 


Average modulus 
of rupture, psi 


1198000 
or 
12380004 


8970 
or 
92702 


1210000 
or 
1209000¢ 


1226000 
or 
1214000a 


1262000 
or 
1232000¢ 


DOUGLAS-FIR PLYWOOD-PANEL SPECIMENS, 


TREATED WITH VARIOUS WATER-REPELLANT PREPARATIONS AND THEN SUBJECTED TO 2 CYCLES OF 4 HR SOAKING, FOL- 


Modulus of 


of elasticity, 


Preservative Specimen elasticity, psi psi 
P-1 9975006 
p-2 1168000 
Untreated P-3 1178000 1198000 
and p-4 1308000 or 
unsoaked P-5 1240000 12380002 
P-6 1297000 
P-l-s 800000 
P-2-s 770000 
Untreated P-3-s 857000 780000 
and P-4-s 844000 or 
soaked P-5-6 755000 8050002 
P-6-s 6550005 
( A-l-s 9120005 
A-2-s 12050005 
A-3-s 1125000 1065000 
Preparation A 996000 
A-5-s 972000 10680004 
A-6-s 1180000 
B-1-s 841000 
B-2-s 871000 
, B-3-s 811000 833000 
Preparation B B-4-8 749000 
B-5-s 801000¢ 
B-6-s 735000 
C-l-s 726000! 
C-2-s 760000 
C-3-s 738000 785000 
Preparation C C-4-8 844000 or 
C-5-s 8700005 7780004 
C-6-8 770000 


» Excessively high or low values not included in average. 
+ Not included in average indicated by (a). 


may be ignored in arriving at satisfactory averages for modulus 
of rupture and modulus of elasticity. 

The modulus of elasticity in bending was determined from the 
load-deflection diagram drawn from the test data. Enough loads 
and corresponding data points were obtained to plot the straight- 
line portion of the diagram. Although 12 to 15 points were thus 
obtained, as few as 6 readings would have been sufficient to 
establish the line properly. In order to calculate the modulus of 
elasticity, the deflection for a relatively high load was taken from 
the curve (not necessarily an actual data point) and substituted 
in the formula for the deflection of a solid beam. Since the span 
and properties of the cross section were actually measured, the 
modulus of elasticity could readily be obtained by calculation. 

Before the effect of soaking in water could properly be deter- 
mined it was necessary to find the effect of the preservatives upon 
the physical properties. A set of six specimens was therefore 
selected for treatment with each of the three preparations used, 
The results of these tests, which are also summarized in Table 1, 
show that both the modulus of rupture and the modulus of elas- 


Average modulus 


LOWED BY 20 HR OF DRYING 


Loss in E, Modulus of Average modulus Loss in 4 
per cent rupture, psi of rupture, psi per cent 
7470» 
9300 
9300 8970 
0.0 9300 or 0.0 
9220 92702 
9220 
41206 
45805 
34.9 4350 4370 51.3 
or 4350 or or 
35.04 4420 4390e 52.60 
4420 
7550 
7010 
83106 7460 16.8 
or 7310 or or 
13.74 67006 74304 19.80 
7850 
5340 
5110 
30.4 5420 5470 39.1 
or 5490 or or 
35.34 64805 53400 42.40 
49606 
5190 
64806 
34.5 5340 5370 40.1 
or 4960 or or 
37.14 4880 51406 44.50 
5340 


ticity remain about the same when treated, although the former 
is lowered a small amount. This small reduction may be due to 
the wetting action of the preparations which would naturally tend 
to reduce the properties. It follows, therefore, that any loss 
which might be found after soaking could be attributed solely to 
delamination. 

The results obtained for the specimens subjected to soaking are 
summarized in Table 2. As may be seen from Table 2, the reduc- 
tion in modulus of elasticity due to soaking was 35 per cent for the 
untreated panels, and the reduction in modulus of rupture was 
52.6 per cent. Most of this reduction was due to delamination 
which was not visible before the test. A small amount of the 
reduction was undoubtedly caused by the increased moisture con- 
tent, although the total drying time of 44 hr after the last period 
of soaking had reduced the moisture content until it was approxi- 
mately 5 per cent more than that of the treated but unsoaked 
specimens. 

The ability of the various preparations to repel the water is 
apparent from Table 2. Preparation A appears to be the most 
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Fig. 2 CHARACTERISTIC FRACTURES FOR SOUND AND PARTIALLY 
DELAMINATED PLywoop PANELS WHEN SUBJECTED TO BENDING 
Loaps 
(Sound panel is shown at top. ne shown was not visible before 
test. 
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Ay Deflection, inches 


Fic. 3 CHARACTERISTIC LoAD-DEFLECTION CURVES FOR BEAMS 
SHow1ncG Points WuicH May Bg Usep To DETERMINE MopuLus 
oF ELASTICITY 


effective. For this treatment, the modulus of elasticity was re- 
duced only 13.7 per cent, and the modulus of rupture 19.8 per cent. 
The linseed-oil - turpentine combination used for preparation C 
was the least effective. This treatment did not increase the 
modulus of elasticity over that obtained for the untreated and 
soaked panels, but it did permit a slightly higher breaking load, 
as evidenced by the higher modulus of rupture. Preparation B 
was slightly better than C but not as satisfactory as A. More 
serious delamination, that is, deeper and longer separation, was 
observed for untreated specimens and for those treated with 
preparations B and C than was found for those treated with prepa- 
ration A. In many cases, the delamination was entirely inter- 
nal and was caused by the entrance of water through a core void. 
It should be pointed out that a longer time of dip for the linseed- 
oil-turpentine combination would undoubtedly have permitted 
better penetration of this higher-viscosity preparation. For 
comparative purposes, however, the time of dip was held constant 
for all preparations. 

These test results seem to indicate that a worth-while and prop- 
erly applied preservative might be expected to protect plywood 
panels (and undoubtedly ordinary cut lumber) against loss in 
strength caused by exposure to severe moisture conditions, 
That the physical properties of untreated plywood are severely 
affected by such exposure is also evident. 

Characteristic fractures obtained for a sound and a partially 
delaminated panel are shown in Fig. 2. As was true in all other 
cases, the delamination, so evident in Fig. 2, could not be de- 
tected by surface inspection prior to the completion of the test. 
These specimens were of the same set and were numbered P-1-s 
and P-6-s, the latter being the delaminated panel. It may be seen 
from Table 2 that these specimens differ considerably, yet both 
would have passed the visual-inspection type of test. Whether 
the amount of delamination was sufficient to warrant rejection on 
the basis of loss in physical properties may be a matter of opinion. 
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The point has been established that the quantitative type of test 
employed here is far superior to the visual qualitative test now 
used. 


Test To DETERMINE Loss IN OF ELASTICITY 


In order to determine the loss in modulus of elasticity or modu- 
lus of rupture by means of a rapid laboratory test, adaptable to 
routine analysis, a much simpler but just as dependable type of 
test could be used. Since the modulus of elasticity is merely a 
numerical statement of the stiffness or deflection observed during 
the test, the actual deflection may be more conveniently reported. 
Thus, the data for this property in Tables 1 and 2 might have 
been presented as some observed deflection at some specified load. 
This method would be satisfactory for all specimens having load- 
deflection curves which passed through the origin, as shown by 
the solid curve in Fig. 3. Very often, however, the load-deflec- 
tion curves will be similar to those shown as dotted in Fig. 3. 
This type of curve is usually due to warping of the test panel so 
that it cannot be properly seated on the supports nor can load be 
applied across the entire specimen at mid-span. This condition 
will result in a diagram which ‘“brooms-out”’ near the origin but 
quickly establishes a straight-line relationship. If the dial 
with which the deflection is obtained is not properly placed at the 
zero load position, the load-deflection curve will not pass through 
the origin as shown in Fig. 3. Regardless of the type of curve 
then, the modulus of elasticity is the slope of the straight-line 
portion of the load-deflection curve. In Fig. 3, the slope of any 
curve from A to B would be used to obtain the modulus of elas- 
ticity. The test procedure would be as follows: 


1 Place sample panel in test position and apply load P, 
Read deflection dial. 

2 Increase load to Pg and read deflection dial. 

3 Substitute difference in Joads and difference in deflections in 
the formula 


E PL’ (Pp —P,)L4 
48AI 48(Ag— 


and solve for E. By this method, the modulus could be deter- 
mined quickly and with a minimum of observation. Thus, the 
test would be readily adaptable to routine laboratory analysis. 

The loads P,4 and Pg to be used in the previous formula will 
vary for different thicknesses of plywood, width of panel, and 
length of span. It would therefore be desirable to standardize 
the last two and specify the two loads required for various thick- 
nesses of plywood. 

It may be seen from Table 2 that the modulus of rupture is 
affected to a greater degree by soaking than is the modulus of 
elasticity. For some uses then, it may be preferred over the 
modulus of elasticity. A test for breaking load, from which 
the modulus of rupture is obtained, is quite easy to make and is less 
costly than the deflection test. The results of the test need not 
be reported as modulus of rupture, but merely as the breaking 
load obtained for a stated thickness and width of panel and lengt! 
of span. 


CONCLUSIONS AND RECOMMENDATIONS 


As a result of the data and theoretical considerations presented 
in this report, the following conclusions seem justifiable: 


1 A quantitative type of test for modulus of elasticity (de- 
flection) or modulus of rupture (breaking load) is far superior to 
the visual qualitative type of test now used to determine the 
amount of delamination in a plywood panel subjected to water 
soaking. 

2 The physical properties of untreated plywood panels are 
lowered when subjected to water soaking. 


. 
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3 The presence of core voids will increase the delamination 
and consequent loss in physical properties. 

4 Worth-while and properly applied preservatives may be ex- 
pected to reduce this loss. 


It is further proposed that a specification of the following 
general type be made a part of the delamination test for plywood: 

Six plywood panels 4 in. wide and 12 in. long (for example), 
having no serious core voids within the middle third of their 
length, shall be maintained at a constant room temperature and 
humidity for 24 hr after which they shall be submerged in tap 
water at room temperature for 4 hr. The panels shall then be 
removed from the water and dried at the constant room tempera- 
ture and humidity for 20 hr. This cycle of 4 hr soaking and 20 hr 
drying shall then be repeated once (a total of 2 cycles). Follow- 
ing an additional 24 hr drying at the constant room temperature 
and humidity, the six panels shall be tested as beams with the 
thickness vertical and on a 10-in. span (for example). A concen- 
trated load shall be applied at mid-span. The average decrease 
in modulus of elasticity and breaking load, compared to the 
average of six unsoaked specimens, shall not be more than that 
given in Table 0 (to be provided by the writer of the specification) 
for the thicknesses of panel indicated. 


A sample form for Table 0 would then be as follows: 


TABLE 0 MAXIMUM AVERAGE LOSS IN MODULUS OF ELAS- 
TICITY* AND ULTIMATE LOAD FOR PLYWOOD PANELS SUB- 
JECTED TO WATER SOAKING AND TESTED AS SIMPLE BEAMS 


Thie kness of panel 


and number of plys Average loss, per cent 


Modulus of elasticity Ultimate load 


4 To be obtained in a manner similar to that outlined in this paper. 
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Some Observations on Density and Shrinkage 


of Ponderosa Pine Wood 


By R. A. COCKRELL,' BERKELEY, CALIF. 


California timber has largely been obtained from origi- 
nal old-growth forests of redwood, ponderosa pine, and 
sugar pine, to the point where these forests are rapidly 
becoming depleted. Future supplies of these species 
must come from second-growth forests established on cut- 
over land. However, prejudices have developed against 
the use of second-growth timber, especially redwood and 
ponderosa pine. Some of these may be justified, but 
others are based solely upon false assumptions and mis- 
information. To clarify the situation, this paper presents 
the results of a preliminary survey of density and shrink- 
age percentages of California ponderosa pine, as related 
to growth rate, position in tree, and age. These properties 
considered together constitute a fairly reliable index of 
the mechanical and physical characteristics of wood. 
Strength, hardness, and ease of working with tools are re- 
lated directly to wood density, and the seasoning behavior 
of the wood is associated with its differential shrinkage. 


RACTICALLY all of the timber produced in California has 
Pree obtained from the original old-growth forests and largely 

from the three species, redwood, ponderosa pine, and sugar 
pine. These original forests are rapidly being depleted and, in 
the not too distant future, wood supplies of these three species 
must be obtained from second-growth forests established on 
cutover lands. Such timber will be utilized when younger and, 
consequently, smaller than the trees now available in the original 
forests. 

Already a prejudice has grown up against the second-growth 
wood, particularly redwood and ponderosa pine, as compared 
with the old-growth material. Undoubtedly, there is justification 
for some of the views held, but others appear to be based entirely 
upon notion or false assumptions from observation of timber 
products improperly manufactured. Since, in some areas, the 
trees from these younger stands are already being utilized, it 
behooves us to learn more about the variation of the technical 
properties of the wood of these species resulting from differences 
of environment, position in tree, and age and vigor of the tree, 
so that we may be in a better position to manage the stands 
properly and to make most effective use of the wood. 

This paper reports the results of a preliminary survey of density 
and shrinkage percentage of California ponderosa pine, parti- 
cularly as related to growth rate, position in tree, and age. 
These properties were selected because together they constitute 
a fairly reliable index of the mechanical and physical character- 
istics of wood. Strength, hardness, and ease of working with 
tools are all directly related to wood density, and the seasoning 
behavior of the wood is associated with its differential shrinkage. 

The relationship of density and shrinkage to ring width 
(growth-rate) has been the subject of studies on many different 


1 University of California; temporarily at Forest Products Labo- 
ratory, Madison, Wis. 

Contributed by the Wood Industries Division and presented at 
the Spring Meeting, Davenport, Iowa, April 26-28, 1943, of THE 
AMERICAN SocteTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the So¢iety. 


species. In his study of the relation of growing conditions to 
specific gravity, Paul (1)? states: “Both very wide and very 
narrow rings in conifers usually contain a larger proportion of 
the springwood layer, so that in these species wood representing 
either extreme of growth may be low in specific gravity. The 
wood of intermediate growth rate is usually the heavier.” On 
the other hand, Lodewick (2), in a study based upon southern 
pine, presents data that show the summerwood percentage of 
the ring increasing with decrease in ring width, while Turnbull 
(3), working with exotic pines grown in South Africa, states that 
density, which is a function of the percentage of summerwood, is 
not determined by rate of growth but follows a regular pattern 
which is specific for each individual tree. He points out that 
since summerwood in a particular ring narrows in ascent while 
springwood widens in ascent the summerwood percentage would 
decrease with ascent and, accordingly, for any given cross section 
the summerwood percentage would increase from the pith to the 
periphery. Successive sections taken upward in the stem would 
have progressively less summerwood, and, since density is a 
function of summerwood ratio, the specific gravity would decrease 
progressively up the stem. 

This is further corroborated by Siimes (4) working with 
Pinus silvestris, who states, “. . . the weight of pine decreases 
from the base to the top, as is also true of the summerwood per- 
centage and accordingly the tangential and radial shrinking 
percentages.” Markwardt and Wilson (5), in discussing the 
effect of various factors on the strength of wood, state that the 
lighter-weight, slower-growth coniferous wood shrinks and swells 
less (laterally) than the heavier material. With regard to 
longitudinal shrinkage, Koehler (6), investigating southern pine, 
concluded that extremely light, rapidly grown wood (less than 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


e27-28 


@25-26 


e29-3 
0032-34 


Fie. 1 Location or TREES 


729 


/ 
@22-24 
Ta CRUZ 
a 


730 TRANSACTIONS OF THE A.S.M.E. OCTOBER, 1943 
TABLE 1 GENERAL DESCRIPTIVE DATA 
Stump? Rings Dunning 
Tree D.B.H diam, Height, at tree Eleva- 
no (ob) (ib) ft stump class tion Stand condition 
1b 33.0 28.2 127 133 1 4200 
3 ty 17.0 81 56 2 4200 
6 31.8 7.4 126 114 3 4200 
7 19.9 16.0 92 105 2 4200 
9 20.9 17.9 114 100 2 4200 | All-aged mixed conifer, large 
10 24.3 22.3 109 87 1 4200 { pines cut out about 60 years ago 
ll 26.7 25.7 124 119 2 4200 
12 30.2 27.7 127 119 2 4200 
15 20.6 19.5 107 82 1 4200 
16 21.4 18.9 105 85 1 4200 
22¢ 21.6 20.4 93 79 2 1700 On edge fairly open stand, pon- 
derosa and knobcone 
23 21.8 21.0 114 117 4 450 Open stand on upper slope, pon- 
derosa and knobcone 
24 18.1 17.2 97 94 1 450 Edge of a group of 12 trees; stand 
rather dense 
254 36.2 34.0 148 193 4 3750 ~—s Fairly — mixed conifer, old 
growt 
26 38.8 32.4 163 203 3 3750 ~=Fairly open mixed conifer, old 
growth 
27 59.5 54.8 173 365 5 4880 — ooatien, predominantly fir, 
well stock 
28 52.0 47.0 167 382 5 4880 Mixed conifer, predominantly fir, 
well stocked 
29¢ 23.4 19.6 112 73 2 2600 = Interior, fairly dense pure pine 
second growth 
30 24.2 22.3 120 78 1 2600 = Interior, fairly dense pure pine 
second growth 
31 27.1 24.0 128 59 1 2600 Margin, open stand pure pine 
second growth 
32 38.7 36.0 160 144 3 3300 Open stand, low brush understory 
33 36.5 33.8 149 143 4 3300 Open stand, low brush understory 
34 30.5 27.8 140 148 4 3300 Stand of fair density, low brush 


2 Diameter measured along strip from which samples were prepared. 
+ First 10 trees obtained from second-growth pine mill study through the California Forest and Range 


Experiment Station. 


¢ Trees 22 to 24 obtained through co-operation of State District forest ranger at Felton, Calif. 


@ Trees 25 to 28 obtained through co-operation of Diamond Match 


Company. 


¢ Trees 29 to 34 obtained through co-operation of U. 8S. Soil Conservation Service. 


3!/, rings per in.) usually shrank along the grain in excess of 
0.25 per cent. 

In this preliminary study, wood was obtained from several 
trees, representing different age classes and from different 
localities, on which to determine the variation in density and 
shrinkage from green to air-dry and oven-dry condition with 
respect to rate of growth and position in the tree. 


MATERIAL AND METHODS 


The location of the twenty-three trees studied is shown on 


a 


the outline map, Fig. 1. The general descriptive information is 
given in Table 1. Disks 8 in. thick were cut at the stump level 
and at convenient intervals along the trunk and were carefully 
kept in the green condition until they were worked up into 
samples. Test pieces to determine longitudinal, radial, and 
tangential shrinkage were prepared as shown in Figs. 2and 3. For 
the longitudinal shrinkage, pieces 1 in. wide X 4 to 6 in. long were 
cut along the diameter of each disk to simulate the cutting of a 
log into 1 in. boards. Every effort was made to select clear wood 
free from the influence of knots or other defects, and values from 


Fie. 2. LONGITUDINAL-SHRINKAGE SAMPLES FROM TREE 29 


(Samples separated laterally by */is in. saw kerf.) 


Et 


3 


RaDIAL AND TANGENTIAL SAMPLES FROM TREE 33 


test pieces with any irregularities of grain were not included in 
the final computations. Where the disks were cut from the ends 
of logs on a commercial operation it was difficult to avoid cutting 
at the nodes in many cases, and often near the center of the disk 
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cut at the stump level there were knots which were invisible from 
the outside. 

Prior to cutting, the sequence number of a growth ring was 
marked on every test piece to locate the medial ring for use later 
in establishing the trend of values with relation to ring position 
in the cross section. The weight, volume, and length of the test 
pieces were taken for the green, air-dry (exposed in room until 
constant weight was reached), and oven-dry conditions. All 
weights were taken to 0.1 g on a standard gravimetric balance. 
Volumes were obtained by determining the weight of displaced 
mercury, being careful to make corrections for density with 
change in temperature. Lengths were recorded to the nearest 
0.001 in. All test blocks were measured with a Starrett microme- 
ter caliper, except those of trees 29 through 34 which were 
measured with a bench gage, using a dial micrometer. Specific- 
gravity determinations were based upon green volume and oven- 
dry weight, and shrinkage was expressed as a percentage of the 
green dimension. 


REsu.Lts oF TEstTs 


Longitudinal Shrinkage. On the basis of measurements made 
on approximately 1800 test blocks, it was found that the longi- 
tudinal shrinkage from the green to the oven-dry condition was 
greatest for the blocks taken from near the pith of the stump 
disks. In Fig. 4, the values for longitudinal shrinkage green to 
oven-dry of basal and second disks from several trees are plotted 
with respect to the number of rings from the pith out to 100 rings. 
From this it may be observed that the blocks taken from the 
basal disk exhibited the greatest range in values, and the high 
values extended farthest from the pith. A few of the blocks 
from the disks above the stump level had longitudinal shrinkage 
above 0.3 per cent up to twenty rings from the pith, but beyond 
this point they remained quite consistently within a very narrow 
range below this value. The shrinkage percentage for the rings 
beyond 100 from the pith followed the same general pattern 
established in the 50 to 100 interval. 

Using the 1-in. test blocks to define the limits, the dimensions 
of the central core of wood, having longitudinal shrinkage in 
excess of 0.4 per cent for comparable height disks of all the trees, 
are given in Table 2. It is evident from these figures that 
the central zone of wood, as well as the number of rings from the 
pith having excessive axial shrinkage. is conspicuously greater in 


-——-— Stump Height - 18 feet . rm 4 feet ¢ 64 feet 
Central core Rings Central core Rings Central core Rings Central core Rings 
diam Rings per inch diam Rings per inch iam Rings _ per inch iam ings per inch 

Tree (or radii), from in central (or radii), from in central (or radii), from _incentral (or radii), from in central 
no. in. pith core in. pith core in. pith core in. pith core 

1 3 31 16 oad ve '/2:71/3 2:67 7 1 2 4 

3 46:76 22:55 6 2 3 3:5 3 

6 4 18 8 ac es 0:2 0:7 3 11/2b:41/_6 8:39 4 

7 21/2:76 29:105 11 sae afc 2:6¢ 14:67 8 :3¢ 3:22 6 

9 11/26: 21/,6 18:25 3:6 4 11/2b:21/2b 10:16 4 
10 1:2 6:14 7 2 os ae 1 1 2 1¢ 3 3 
11 Qh 13 8 ia an 1 3 4 2 8 4 

12 4 15 7 urs nas 36 5 3 1 3 3 

15 6b 35 8 0 0 wats 21/3 3:13 

16 6b 29 8 a cog 2 3 t 1 3 7 
22 8b 30 8 1 2 4 1 3 a 1 4 7 
23 6 27 7 0 0 ne 0 0 see 0 0 Por 
24 46 21 12 1 3 6 0:2 0:10 6 1 5 8 
25 2b 21 20 ve cw 1 3 6 2 7 5 
26 4 16 7 ar 1 3 5 3 6 5 
27 4 31 17 tas 1 5 7 0 0 aor 
28 4 22 11 ae one 1 3 7 1 7 6 
29 5 12 4 ls 2 2.5 1 3 3 1 3 4 
30 3:41/9b 17:24 5 19 2 3 1 2 3 1 3 5 
2:3¢ 6:9 3 1 : es 1 2 2.5 1 3 2.5 

2 V/s: 3:8 5 1 eee eee see eee eee wee 
33 3 12 8 1 2 3 1 2 3 ee ‘ 
34 3 12 8 1 2 4 1 2 4 . aa 


“ When sone of excess longitudinal shrinkage does not center at pith, separate figures for rings and radius given for each side along test strip. 


> Irregularity of grain from defects affects part or all of these blocks. 

© Location of pith within disk eccentric, values from short and long radii. 
4 Disk cut at 52 ft above stump. 

* Disk cut at 58 ft above stump. 

/ Disk cut at 9 ft above stump. 

* Disk cut at 14 ft above stump. 
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Fic. 4 RELATIONSHIP BETWEEN LONGITUDINAL SHRINKAGE GREEN TO OvEN-Dry, AND RINGS FROM roR Basal AND Second Disks 
oF TREES 22-31, 35, AND 34 


the base than higher in the tree. Unfortunately, many of the 
basal disks had knots, wound scars, or other defects in the wood 
near the pith or were slightly asymmetrical, which undoubtedly 
accentuated some of the shrinkage values or extended the 
excess-shrinkage zone. Nevertheless, trees such as 1, 6, 10, 12, 
23, 27, 28, 29, 33, and 34 with perfectly clear sound wood in 
this region would indicate that ordinarily a zone of from 3 to 6 
in. of wood with excess longitudinal shrinkage can be expected 
in the center of the stump or large end of the butt log. Depend- 
ing upon the rate of growth, somewhere from 12 to 30 growth 
rings about the pith were included in this zone. In the disks 
higher in the tree, this zone seldom exceeded 1 in. and included 
only a few rings from the pith. 

It is not possible from the data assembled in this work thus 
far to state precisely within what limits the zone of wood with 
excess shrinkage usually narrows from the condition prevailing 
in the stump to that characteristic of the disks higher in the tree. 
It is reasonably certain, however, that the condition does not 
extend very far up the trunk in the normal forest-grown tree, 
since the second disks, taken in trees 29 and 30, cut at approxi- 
mately 5 ft above the ground, showed a longitudinal-shrinkage 
pattern near the pith typical for the upper disks of the trees 
studied rather than the basal disk (see Table 3). 

Beyond the central zone of wood which shrank an excessive 
amount longitudinally, most of the blocks shrank less than 0.3 
per cent, while for a few trees the values were mostly below 
0.2 per cent. Some of the blocks showed no change of length 


when dried from the green to the oven-dry condition, and 39 of the 
blocks actually increased slightly in length (less than 0.1 per 
cent). Of the blocks which failed to shrink, 31 were cut from the 
basal disks. 

Measurements of longitudinal shrinkage from the green to the 
air-dry (9 to 12 per cent moisture content) condition follow the 
same pattern as the green to oven-dry figures, the highest shrink- 
age taking place in the central blocks, with relatively uniform 
values prevailing toward the periphery. The relationship be- 
tween shrinkage and number of rings from the pith for seasoning 
to the air-dry state out to 100 rings is shown in Fig. 5. Excepting 
the blocks with high shrinkage near the pith, practically all of 
the values are below 0.2 per cent, with a considerable number re- 
maining constant in length, or showing elongation. As in shrink- 
age to the oven-dry condition, the majority of those remaining 
constant or lengthening were cut from the basal disks, but for 
this stage in the drying this failure to shrink was somewhat more 
general, and tree 26 had one or more blocks that increased in 
length in each disk. 

Between thirty and fifty rings from the pith in Fig. 5, there 
are plotted points for twice as many blocks from the basal disks 
that lengthened in drying as blocks that shortened. The 
concentration of blocks from the disks above stump height, show- 
ing elongation between five and twenty rings from the pith in 
Fig. 5, were mostly from trees 29 and 30. The second disks of 
these trees were taken about 5 ft above the ground, and even 
though the blocks near the pith did not show excessive shrinkage, 
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LONGITUDINAL SHRINKAGE PER CENT 


Fig. 5 


the other blocks did tend to remain stationary or elongate in a 
similar manner to the test pieces from the basal disk. It is 
rather significant to note in respect to this disinclination to 
shrink axially in drying that all of the trees except one (tree 
7; no lean evident when standing but wound sears present and 
bole asymmetrical; see Table 2) had some blocks that remained 
constant in length while nineteen of the twenty-three trees had 
blocks which elongated (mostly 0.05 to 0.1 per cent, maximum 
0.18 per cent). 

In Table 3 are listed the green to air-dry shrinkage percentages 
for the blocks including the pith for comparable disks for several 


rABLE 3 LONGITU DIN AL SHRINKAGE PERCEN TAGE FROM 
GREEN TO AIR-DRY STATE FOR BLOCKS INCLUDING PITH 
AT DIFFERENT HEIGHTS ABOVE GROU ND 
Tree 
no. 2 feet 5 feet 34 feet 66 feet 80 + feet 
1 2.23 0.36 0.98 0.56 

24 2.04 0.28 0.25 0.10 

25 0.90 0.50 0.75 0.60 

26 1.62 0.55 0.84 0.70 

27 1.00 0.46 0.10 0.08 

28 1.18 0.23 0.36 0.56 

29 0.67 0.08 0.46 0.36 0.30 

30 1.23 0.50 0.41 0.43 0.28 

31 1.35 0.36 0.36 0.13 

33 1.39 0.36 : 

34 0.61 0:47 
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+ BASAL DISC 
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31, 33, AND 34 


trees representing different localities and age classes. The values 
for the pith blocks in the basal disks are conspicuously higher 
than for the others, while in many instances the values for pith 
blocks in the upper disks are within the limits of the majority 
of the blocks farther out from the pith. Some of these blocks of 
intermediate shrinkage (0.36 to 0.50 per cent) contained only the 
pith ring and the adjoining ring, while several of the others with 
little shrinkage (about 0.10 per cent) contained only three to 
four rings from the pith. In most cases above the stump level 
only the pith ring and perhaps the adjoining one or two rings 
had abnormally high axial shrinkage. 

The percentages for green to air-dry and green to oven-dry 
shrinkage for identical blocks did not indicate any uniform rela- 
tionship between moisture content and longitudinal shrinkage. 
In the ease of those blocks that remained constant or increased in 
length to the air-dry condition, and then shrank with further 
drying to the 6ven-dry condition, this disparity was quite marked. 

In order to test for a relationship between longitudinal shrink- 
age and specific gravity, the shrinkage values of the sapwood 
blocks from all the disks of trees 22 to 31, inclusive, were segre- 
gated by specific-gravity classes and averaged. The resulting 
figures listed in Table 4 show, though somewhat obscurely, a 


0.32 0.34 0.36 


so 


Specific gravity — 
0 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58 
18 0.18 0.23 ‘ 0.03 0.08 0.12 0.07 0.03 acas 
18 0.25 0.25 0.20 0.07 0.03 0.19 0.02 0.1 —0.04 
14 0.09 0.05 0.08 0.05 0.05 

12 0.08 0.07 0.09 0.05 £0.08 a 

15 0.12 0.10 0.05 

11 0.13 0.06 0.08 0.01 0.05 0.10 

11 0.08 0.12 0.07 0.09 0.02 

13 0.07 0.09 0.04 0.09 a 
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+ + + | + 
Tree no. 0.26 0.28 0.30 38 
23 re Ae 
25 0.15 0.17 10 
27 0.20 0.23 0.21- 0.25 17 
28 ei 0.17 0.18 0.26 15 
29 0.16 15 
30 0.23 15 
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TABLE 5 RELATION BETWEEN AXIAL AND TRANSVERSE 
SHRINKAGE? 
Rings Longitudinal Tangential Radial 
Tree Height above from shrinkage, shrinkage, shrinkage, 
no. ground, ft periphery per cent per cent per cent 
60 0.14 5.8 
70 0.32 5.3 Samples 
33 18 80 0.14 6.2 not 
90 0.34 5.2 matched 
100 0.10 5.9 
60 0.15 5.6 5.3 
70 0.29 4.7 2.8 
33 34 80 0.12 5.3 3.6 
90 0.31 5.3 2.1 
100 0.14 4.0 3.4 
110 0.14 5.7 4.6 
34 2 120 0.22 5.4 3.7 
130 0.07 7:2 4.5 


2 Green to oven-dry. 


general trend toward increasing axial shrinkage with decreasing 
density. This same trend is evident when the individual block 
values are plotted, with the scatter of the points quite uniform 
rather than showing a concentration toward the center. When 
the specific gravity and axial shrinkage of a particular set of rings 
are compared for successive disks upward in the tree, the specific- 
gravity values almost always decrease, but the shrinkage values 
seldom follow any regular trend. Likewise, in progressing from 
the pith to the periphery of a cross section, there is often an 
observable trend in specific-gravity values but no corresponding 
trend in axial shrinkage. 
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Tangential and Radial Shrinkage. Within any one cross 
section, the percentage values of tangential and radial shrinkage 
from green to oven-dry condition were at a minimum in the 
rings closest to the pith. They increased rather abruptly in the 
rings farther from the pith, and then with minor fluctuations 
showed a slight decrease or remained relatively uniform in pro- 
gressing to the periphery. This trend is shown for the basal and 
32-ft disks of tree 26 in Fig. 6. The tangential values for 
the 32-ft disk increased much more abruptly outwardly from the 
pith than those of the basal disk, in this respect behaving simi- 
larly but in inverse fashion to the longitudinal shrinkage. 

This inverse relationship between longitudinal and lateral 
shrinkage is evident in many instances where the values fluctuate 
widely in adjoining blocks and where the longitudinal, radial, and 
tangential test specimens are matched (contain the same rings 
and come from the same position in the disk). Three illustrative 
examples of this relationship are given in Table 5. The two sets 
of figures given for tree 33 come from blocks that were aligned 
vertically in the trunk but 16 ft apart, and, interestingly enough, 
the corresponding blocks in the basal disk showed the same 
variation in axial shrinkage. 

Incidentally, it might be mentioned that the only points from 
the second disks beyond 20 rings from the pith in Fig. 4 that are 
above 0.3 per cent are those representing the blocks 70 and 90 
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rings from the periphery of the 16-ft disk of tree 33. The blocks 
containing the same rings on the opposite side of the pith did not 
show a similar fluctuation. Because of the relatively large 
number of rings that were included in each radial-shrinkage 
block (Fig. 3), the plotted points for this shrinkage category 
really represent average effects, and the lowest values for the 
rings adjacent to the pith were increased somewhat by the 
effect of the other rings included in the test block. 

The average values for tangential and radial shrinkage are 
recorded for comparable heights for several trees in Table 6. 
From these figures it is quite evident that lateral shrinkage de- 
creases in the wood above the butt section, the trend of shrinkage 
values in this case paralleling somewhat that of specific gravity, 
although showing a more consistent decrease with increasing 
height (see Table 8). This trend is illustrated more completely 
for one tree in Table 7. 

Specific Gravity. Specific gravity varied considerably both 
with respect to position in the cross section and height in the tree. 
Values for selected disks for two trees are plotted over rings from 
pith in Fig. 7. There was a rather definite decreasing trend in 
specific gravity in most disks from the pith to the boundary be- 
tween heartwood and sapwood, but, from this point through 
the sapwood to the periphery, the values were relatively constant, 
with minor fluctuations or slight upward or downward trends for 
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certain disks. In practically every tree, the values for the 
heartwood blocks of the basal disks were conspicuously higher 
than the similarly located blocks of the other disks. 

The average specific-gravity values for comparable heights in 
the trees are listed in Table 8. These figures show that, as a general 
rule, specific gravity is relatively uniform in the upper portion of 
the tree, with a rather pronounced difference between the basal 
disk and the disks at the higher levels. This can be accounted 
for in part by the high specific gravity of the stump heartwood, 
but, irrespective of this, there is usually an appreciable difference 
between the density of blocks cut from comparable rings in the 
sapwood, as, for example, in trees 27 and 30 (see Fig. 7). 

In order to ascertain if any relationship existed between 
rate of growth and density, the specific-gravity values of the 
sapwood blocks from the basal and 32-ft disks of several trees 
were plotted over rings per inch in Fig. 8. Within this sample, 
no relationship between these two features was evident. As 
indicated also in Table 8 and Fig. 7, however, the values plotted 
for the blocks from the basal disk were distinctly higher than those 
from the 32-ft level. The only blocks from the 32-ft disks hav- 
ing specific gravity above 0.45 were those from tree 23; this 
would be expected, of course, since in Table 8 the average values 
for this tree are quite distinctly higher than those for correspond- 
ing heights in the other trees. 


Tree Radial 
no. 2ft 34ft 66ft 80+ ft 100+ ft 2ft 34ft 66ft 80+ ft 100+ ft 
22 6.8 6.1 5.7 5.4 4.3 4.3 
23 7.4 6.6 6.1 6.0 ee 6.0 4.5 4.6 4.5 mia 
24 7.6 Ge 6.4 4.4 3.9 2.9 
25 6.6 5.6 5.4 4.4 4.9 4.4 2.3% 3.1 3.0 2.9 
26 7.1 6.7 6.1 a 4.9 4.8 4.0 3.6 ee 3.3 
27 7.0 6.0 5.3 aa 5.4 4.6 3.9 3.4 ea 3.2 
28 7.2 6.2 5.6 a 5.0 4.0 3.8 3.4 a 3.2 
29 6.7 6.1 5.8 5.8 wae 4.8 3.9 3.6 3.8 er 
30 7.4 6.4 6.1 5.3 4.1 3.2 3.2 3.0 
31 6.9 6.2 5.9 5.8 4.7 3.5 3.5 3.9 
33 6.5 5.7 4.9 3.8 
34 6.5 6.3 5.0 4.1 

@ These blocks immersed and redried to check measurements. 


+ Disk from 18 ft above ground. 


TABLE}7@ RELATIONSHIP OF SPECIFIC GRAVITY AND SHRINKAGE® TO HEIGHT IN TREE 30 


2.5 5.5 8.5 14.0 21.0 32.5 50.0 66.0 77.0 88.0 
0.50 0.45 0.42 0.38 0.38 0.36 0.35 0.34 0.35 0.35 
7.4 7.2 6.9 6.4 6.4 6.1 6.1 5.6 5.3 
Radial shrinkage $.3.°C.9 ¢.6 3.8 3.23 3.2. 2.2 3.2 3.6 3.0 
Longitudinal shrinkage, entire disk.......... 0.58 0.13 0.11 0.21 0.25 0.25 0.21 0.21 0.20 0.25 
Longitudinal shrinkage, outer 40 rings....... 0.08 0.08 0.06 0.16 0.15 0.14 0.16 wa os a 


Per_cent,green,to oven-dry based on green values. 


18 ft 


0.46 0. 
3 0.43 me 0. 
6 0.46 ‘i 0. 
7 0.42 y 0. 
9 0.43 : 0. 
10 0.42 és 0. 
11 0.46 0. 
12 0.40 0. 
15 0.42 oe 0. 
16 0.44 ag 0. 
22 0.52 0.42 0. 
23 0.56 0.50 0. 
24 0.45 0.39 0. 
25 0.42 a's 0. 
26 0.46 ee 0. 
27 0.46 0. 
28 0.43 wd 0. 
29 0.47 0.405 0. 
30 0.50 0.38¢ 0. 
31 0.44 0.37 0. 
32 0.48 0.38 
33 0.49 0.40 0. 
34 0.51 0.42 0. 


@ Specific gravity based on green volume an 
specific gravity determined by weighting each block in proportion to area of 
cross section as its position on radius indicated. 


ences in resin content. 
b Disk cut at 9 ft. 
¢ Disk cut at 14 ft. 


TABLE 8 AVERAGE SPECIFIC 
HEIGHTS ABOVE GROUND 


w 
— 


GRAVITY? AT SPECIFIED 


66 ft 80+ ft 100+ ft 
37 0.36 0.37 
35 0.40 
35 0.38 
37 0.40 
38 0.36 
34 0.35 
34 0.34 
35 0.33 0.33 
33 0.34 
38 0.33 
41 0.42 0.40 ms 
48 0.44 0.45 i 
37 0.35 0.36 we 
35 0.34 0.32 0.32 
43 0.38 ae 0.38 
33 0.30 0.29 
35 0.30 es 0.32 
35 0.37 0.37 
36 0.34 0.35 
37 0.37 0.37 
40 
41 


d oven-dry weight. Average 


u Nocorrection made for differ- 
Blocks with defects omitted from calculations. 
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Fig. 9 RELATIONSHIP BETWEEN LONGITUDINAL SHRINKAGE AND RaTE OF GROWTH FOR BASAL AND SECOND 
Disks Out To 100 Rings From Piru ror Trees 22-31, 33, AND 34 


Within the limited sample studied, the"density of trees from 
the same stands showed almost as much variation as existed 
between trees in different stands. It might be of interest to 
note, however, that the lightest disks were obtained from the 
upper levels of trees 27 and 28 which grew at comparatively high 
elevation, while the heaviest disks were obtained from the base 
of trees 22, 23, 30, and 34, all of which came from appreciably 
lower elevations. 

Rate of Growth. In most of the disks, the growth rate was 


highest at the pith and decreased gradually toward the periphery. 
In the basal disk, wide rings were not always present near the 
pith, but the disks above this in the trees examined in this study 
usually had the widest rings near the pith. Tree 1 illustrated 
this variation in its basal disk, with the lowest growth rate (20 
rings per inch) occurring at the pith and the highest growth 
rate (41/2 rings per inch) occurring over 100 rings from the pith. 
The disk taken at the top of the second log in this tree, however, 
showed the usual pattern with growth rate decreasing away from 
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the pith. Undoubtedly, this tree was suppressed in its early life, 
and release from suppression at about 70 years of age accounts 
for the changing growth condition in the basal disk. The 
widest growth rings were found in trees 29 through 33, with tree 
31, because of its location on the edge of an open stand, having 
the wide rings most sustained both in height and diameter. 
There was no relationship apparent between longitudinal 
shrinkage and rate of growth. When longitudinal shrinkage is 
plotted over rings per inch, as in Fig. 9, it can be seen that 
there is an appreciable spread in shrinkage values for the wide- 
ringed blocks, and most of those with the greatest shrinkage can 
be identified as being from the basal disk and from near the pith. 
In the case of trees 1, 25, and 27, the greatest shrinkage occurs 
in conjunction with the slowest growth rate. In this respect, it 
is interesting to refer to Tables 2 and 3, where the growth rate 
recorded for the centers of most of the upper disks is greater 
than the growth rate for the center of the basal disk of the corre- 
sponding trees, although the shrinkage values are higher and the 
zone of wood with high shrinkage more extensive in the basal 


disk. 
Discussion oF RESULTS 


Longitudinal Shrinkage. The fact that wood near the pith 
of some conifers is characterized by abnormally high shrinkage 
along the grain is reported by Koehler (7), who states: “Boards 
and planks of the southern and western yellow pines, and oc- 
casionally other species, which happen to be sawed lengthwise 
through the pith, frequently show cross-breaks extending for a 
short distance at right angles to the pith. Such breaks are due to 
the greater longitudinal shrinkage of the wood near the pith. 
For the same reason, narrow strips cut out so that the pith runs 
along one edge will bow as they dry.” Similarly, high longi- 
tudinal shrinkage is also a characteristic of “compression wood,” 
The 
growth rings near the pith lacked well-defined summerwood and 
less dense and hornlike) than 
This homogeneity 


hence it is of interest to make a comparison of the two. 


were much easier cut and worked 
the wood produced further from the pith. 
and ease of cutting was especially conspicuous when the wood 
was sectioned on the microtome or when the ends of blocks 
were cut across the grain. Microscopie examination disclosed 
large fibril angles, those of the summerwood tracheids in rings 
near the pith measuring 40 to 55 deg, in contrast to angles of 10 
to 25 deg in normal summerwood tracheids. All of these features 
ire pointed out by Pillow and Luxford (8) to be typical of ‘com- 
pression wood,” hence it is logical to consider this wood near 
the pith as a form of this abnormal tissue. 

The recently reported observations of Wershing and Bailey 
9) on the formation of “compression wood”’ in white-pine seed- 
lings, following treatment of the cambial region with auxin, 
suggests that the cambium in the vicinity of the apical meristem 
may be supplied with higher concentrations of growth hormone 
than that more distant down the stem, with consequent formation 
of varying degrees of “‘compression wood.” Usually, this wood 
near the pith has the character of mild ‘compression wood,” but 
in several disks cut at the stump, sectors of a few rings formed 
pronounced “compression wood.’’ Apparently this is not un- 
usual, for Pillow and Luxford (8) state that the most common 
occurrence of “compression wood” in cross section is within 
a few annual rings of the pith. 

Increase in length along the grain, following drying from the 
green to the air-dry and even oven-dry condition, is not com- 
monly expected of wood. In a study of longitudinal shrinkage, 
however, Koehler (7) reported that “some of the specimens 
showed no shrinkage or even elongated in the first and second 
stages of drying, but when all moisture was removed they were 
shorter than when wet.” 
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In a study on the longitudinal variation of Australian timbers 
in seasoning, Welch (10) became interested in the fact that several 
woods elongated axially in drying to the air-dry condition and 
was stimulated to conduct a further study (11). His results here 
led him to conclude that below the fiber-saturation point, light 
timbers showed greatest liability to shrinkage, and heavy timbers 
were inclined to remain stationary or to swell. The same effect 
was observed by Hartig, quoted by Kollmann (12), in axial short- 
ening of tension wood from knots with water absorption. 

Most of the shrinkage specimens of ponderosa pine that per- 
formed in this fashion first increased in length to the air-dry 
condition and then shrank as the wood approached the oven- 
dry condition. Also, this elongation was predominantly a char- 
acteristic of the denser wood formed in the butt of the tree and 
could be repeated by successive wetting and drying. In a sense, 
this confirms both Koehler’s (7) and Welch’s (11) observations 
of this shrinkage anomaly. Perhaps the best attempt at explaining 
this phenomenon would be to ascribe it to the physical cell-wall 
structure as envisaged by Frey-Wyssling and reported by Bailey 
(13). According to this theory, cellulose is a ‘‘continuous matrix 
of overlapping chain molecules which is perforated by a con- 
tinuous system of intermicellar capillaries.” If these chain 
molecules are inflexible, as seems probable, in view of the limited 
and essentially reversible swelling and shrinking of wood, their 
lateral distension by adsorbed water molecules must be ac- 
companied by a pulling together of the affixed ends. Such a 
movement would act counter to any change of dimensions along 
the grain resulting from the axial linear vector of the lateral 
distension of the fibrils (chain molecules). It would exert its 
maximum shortening effect when the fibrils were vertically aligned, 
in which position the vertical component of movement due to 
lateral distension of the fibrils would be zero. The net axial 
movement in any situation would be equal to the algebraic sum 
of the axial components of these two factors. 

The inverse relationship reported as existing between longi- 
tudinal shrinkage and density by Koehler (7) and Siimes (4) was 
borne out in a general way by the results of this study. Even 
when the samples were confined to a certain series of growth 
rings within a single tree, however, there was considerable varia- 
tion in longitudinal shrinkage percentage among samples of 
identical specific gravity. It is possible, however, that further 
studies can explain such inconsistencies on the basis of varying 
fibril orientation or different summerwood-springwood ratio. 

Tangential and Radial Shrinkage. The tangential -and radial- 
shrinkage measurements conformed generally to the observations 
of Koehler (14), decreasing in magnitude with decrease in den- 
sity, and, within a cross section, being lowest where the axial 
shrinkage was highest. The ratio of tangential to radial shrink- 
age varied inversely with the density, in this respect agreeing with 
the work of Siimes (4) on Pinus sylvestris. 

Specific Gravity. The specific gravity of all the trees in- 
vestigated was perceptibly greater in the butt region than higher 
in the tree. From a point about 16 ft above the ground (based 
on trees 22-24, 29-31, 33, and 34) and upward, however, density 
was relatively constant. In many instances, especially in the 
butt, the heartwood was appreciably denser than the sapwood. 
This would have to be taken into consideration in any use of 
density values as an index of strength, for the wider rings with 
larger amounts of springwood in the center of the log were often, 
because of this, denser than the structurally superior wood 
farther out in the stem. For comparable heights in the tree 
and considering only sapwood to eliminate the variable effect of 
heartwood on density, specific gravity appeared to be relatively 
independent of growth rate. The number of trees studied was 
not large enough to give any significant indication of the effect 
of locality on density. ; 


. 
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Effect of Age and Growth Rate. No significant differences in 
shrinkage or density were observed that could be attributed to 
age. Trees suppressed in youth showed narrower rings at the 
center near the ground, with a greater tendency for pronounced 
“compression wood” to be present near the pith. In trees of 
rapid early growth, there was no evident pronounced ‘com- 
pression wood,” but the rings near the pith did have large 
fibril angles in both summerwood and springwood that caused 
rather high longitudinal shrinkage to take place. It should be 
noted, however, that this wood did not shrink as much as the 
pronounced “compression wood” occurring near the center of 
the butt of the initially slower growing trees. Within the limits 
of growth rate observed in the sample studied (from 2'/2 to over 
50 rings per in.), there was no perceptible influence of rate of 
growth on longitudinal shrinkage. 

In older trees, the central wood in the lower sections, which in 
some cases were as large as the entire cross section of the younger 
trees, was all changed over to heartwood. Consequently, it was 
usually heavier and more resinous than wood of the same growth 
period of the younger trees. 


APPLICATION 


In butt logs, the combination of high longitudinal shrinkage 
near the pith and slight shrinkage or elongation of the wood fur- 
ther out can cause extreme counter tension in seasoning which 
would result in pronounced warping of boards cut with one edge 
along the pith. Although the cross grain surrounding knots 
would, to a greater or lesser degree, offset the slight shrinkage 
or elongation of the outer wood, no lumber can safely be cut with 
the pith along one edge without incurring the risk of degrade in 
seasoning. It would therefore be good practice to saw logs, 
and especially butt logs, so that the pith is approximately in the 
center of a board or timber. 


CONCLUSIONS 

1 Excepting irregularities of grain, caused by knots and 
other defects, and “compression wood,” caused by lean, excessive 
longitudinal shrinkage is usually restricted at the base of the 
tree to a 3 to 6-in. zone containing from 12 to 30 rings, while, 
at points higher in the tree, it is restricted to the first-formed 
two or three rings in the vicinity of the pith. 

2 An appreciable portion of the denser ponderosa pine wood, 
particularly that in the basal portion of the tree, instead of 
shrinking, remains stationary or elongates axially in losing 
moisture from the green to the air-dry condition. In some in- 
stances this elongation is maintained even when drying is con- 
tinued to the oven-dry condition. 

3 Specific gravity, along with tangential and radial shrinkage, 
is at a maximum in the basal portion of the tree; it decreases 
rather abruptly above the base and then decreases very slightly 
or remains relatively uniform in the upper part of the tree. 
Specific gravity is apparently independent of rate of growth. 

4 Excessive longitudinal shrinkage appears to be more 
directly related to position in the cross section with respect to 
proximity to pith and to height in stem rather than to rate of 
growth or age. 

5 Although the results of this study point more to such factors 
as site variability, especially as affected by elevation and ex- 
posure, and stand density having a controlling influence on wood 
quality rather than the broad and loosely defined categories of 
second growth and old growth, it is recognized that wood from a 
much larger number of trees representing a greater diversity of 
age classes and growing conditions must be examined to establish 
this contention indisputably. 
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Chap. 2, 


Discussion 


C. C. Forsairu.* This paper adds to the evidence in support 
of the contention that the determination of quality in wood pre- 
sents a more complicated problem than that involved in a selec- 
tion from old-growth or second-growth stock. Variations in the 
structure and properties of wood, as he points out, are brought 
about by many factors including age, rate of growth, site, position 
in a stand, elevation above sea level (exposure to sun and wind), 
location in the tree, and many others. Variation between trees 
suggests a possibility that heredity may also play a part. 

The determination of the location and magnitude of longitudinal 
shrinkage is of special interest not only because it confirms similar 
statements made by other investigators working with different 
species but also because it is an important defect which should 
receive greater attention in the production and utilization of 
lumber. Longitudinal shrinkage as such may not be highly sig- 
nificant but even a small difference in degree on opposite edges or 
faces of a piece may cause pronounced bowing or checking. 

In the writer’s opinion, the author has used the proper technique 
for the solution of his problem, viz., a formal or informal statistical! 
study of samples, in order to establish trends upon which his 
conclusions are based. Furthermore, the number of specimens 
was sufficiently large, since a reference to his figures indicates 
curves which are decisive. It is doubtful if any appreciable 
change would have occurred even though a larger number of 
samples had been measured. 


Arruur Korner.‘ In this paper more space is devoted to 


3 Associate Professor of Wood Technology, The New York State 
College of Forestry, Syracuse University, Syracuse, N. Y. 
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discussing longitudinal shrinkage than to transverse shrinkage or 
density. To the so-called practical man this may seem like 
“straining at a gnat and swallowing a camel,” because longitudinal 
shrinkage of wood is commonly considered negligible and any 
woodworker knows that density and transverse shrinkage are 
important factors. 

It is not the shortening, however, that is the important matter 
but, as the author points out, the crooking that results there- 
from when a board or strip has wood with high longitudinal 
shrinkage at one edge and normal shrinkage at the opposite edge. 
To the mill man that means degrade or waste of lumber; to the 
manufacturer and user it means trouble and disgust with the 
perversity of wood. Even the author’s suggestion to saw lumber 
and dimension stock so that the wide rings around the pith are at 
the center of a board does not completely solve the problem for 
the mill man. The longitudinal stresses set up in drying such 
lumber may cause warping or the development of long diagonal 
cracks i the center portion, especially when it is being planed, as 
the writer has observed to be the case in southern pine. 

Excessive longitudinal shrinkage also denotes some other ec- 
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centricities of wood as a rule, namely, wood with high shrinkage 
along the grain often will bend a great deal more before breaking 
than normal wood, but when it breaks it usually fails suddenly 
and completely, flying into a number of pieces. Its shock resist- 
ance may be high but its stiffness and load-carrying capacity as 
a beam are low. More information along this line is needed, 
however, and if the author intends to do any further work along 
the line of his paper, some strength tests might well be included. 

Very little can be done even under intensive forest manage- 
ment to prevent the formation of wide rings at the center of 
trees. Under selective logging the young vigorous trees are left 
standing as a rule, and they are the ones which usually have wide 
rings at the center. When planting is resorted to, the initial 
spacing of necessity must be large to reduce costs, which makes 
for vigorous early growth. 

Nevertheless, to know the cause of the trouble and that it is not 
due to poor dry kilns, faulty operation of kilns, or improper plan- 
ing practices is worth a good deal. Before the depression of the 
1930’s someone said: ‘The man who knows how will always have 
a job, but the man who knows why will always be boss.” 
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Overfire Air 


By R. B. ENGDAHL! anv W. C. HOLTON,? COLUMBUS, OHIO 


For many years overfire air jets have demonstrated their 
effectiveness for smoke abatement as well as for increasing 
the ratings of existing furnaces. Except for the chain- 
grate stoker on which fan-driven overfire air jets have be- 
come standard equipment, jets in this country have been 
actuated mainly by high-velocity steam from nozzles. 
Their wide use has been due largely to a minimum of engi- 
neering and auxiliaries, and in spite of demonstrably poor 
efficiency and high steam consumption. Because of un- 
certainty as to the effects of variables involved in a steam 
jet, there has been reason to believe that among the availa- 
ble types, there are some which might compare favorably 
in economy with fan-driven jets. To determine the rela- 
tive performances of steam jets and fan-driven overfire 
jets, the authors undertook a laboratory study of the prob- 
lem at Battelle for Bituminous Coal Research, Inc. The 
results are given in this paper, as well as a comparison with 
the meager information which had been made available 
from earlier investigations. 


ANY years of successful experience with jets of air 
M directed over beds of burning solid fuel have justified 
the common acceptance of their effectiveness for smoke 
abatement. 
negative (1)° data which have been available concerning them. 
Except for the chain-grate stoker on which fan-driven overfire 
air jets have become standard equipment (2), overfire jets in this 
country have usually been actuated by high-velocity steam from 


This has been so despite the very meager and even 


nozzles. For existing and small new boiler furnaces, involving a 


minimum of engineering and auxiliaries, the choice between 
steam- and fan-driven jets has usually been in favor of the simpler 
steam jet. ‘This has been so despite repeated assertions of their 
low efficiency and published calculations showing a fairly high 
rate of steam consumption. But uncertainty over the effects of 
the many variables involved in a steam jet has left ample reason 
for the widespread feeling that there are types of steam jets of 
optimum performance which compare favorably in economy with 
fan-driven jets. However, no data have been available to show 
what those optimum types are. 

At present the smoke-abatement feature of overfire jets is of 
less interest than their widely recognized effect of increasing 
ratings of existing furnaces. It seems reasonable that, with a 
given combustion space, heat release in a furnace can be in- 
creased by turbulent mixing of stratified gas streams with suffi- 
cient air. But the current unavailability of fans for such pur- 
poses leaves steam jets as the only means of doing this. They 
should be so installed as to use the least steam, but how to do this 
has not been clear. The results of the following laboratory study 
conducted by Battelle for Bituminous Coal Research, Inc., should 
answer many questions on steam and fan jets. 

The first published attempt to answer some of the many ques- 
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tions of detail on the construction and performance of steam jets 
was by Kugel (3), who reported a thesis study of DuPerow and 
Bossart (4), in 1928. Since then Stern (5) has briefly reported 
some actual tests of a practical application of steam jets. 

The present work has been an attempt to expand further the 
small amount of knowledge of jets by a laboratory study of the 
performance and action of jets typical of those used in practice. 
Comparison is made with the results of earlier studies. 


EXPERIMENTAL APPARATUS 


Fig. 1 shows the laboratory apparatus for measuring the per- 
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Fig. 1 ExpertmENTAL APPARATUS 

formance of steam jets. The jet from the steam nozzle aspirated 
air from the plenum chamber through the air tube. To maintain 
the chamber at atmospheric pressure, a fan supplied air to it at a 
rate which just balanced the rate of removal. The amount of air 
supplied was measured at an orifice which thus gave the perform- 
ance of the steam jet acting as a blower. 

Steam pressure was measured near the nozzle by means of a 
Bourdon gage. Steam temperature was obtained from a thermo- 
couple immersed in a well in the steam line near the gage. A 
small heater was used to re-evaporate the moisture in the wet 
steam as it came from the building heating boilers in order to 
obtain dry or superheated steam at the nozzle. 

The rate of steam flow was computed from Grashof’s empirical 
formula 


0.97 
5 \v2 1 + 0.000657, 
where 
W, = weight of steam flowing, Ib per sec 
a = area of throat of nozzle, sq in. 
p = steam pressure, psia 
x = quality of steam if wet, as decimal 
T, = amount of superheat, deg F 


This simple equation was carefully checked against a more 
elaborate and accurate method (6) and was found to give values 


i 
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within 1.5 per cent of the latter over the range of conditions 
covered in these tests. 

Steam pressure was held constant at 48 psi gage for most of the 
tests. Following determination of the optimum proportions of 
jet the pressure and superheat were varied over a wide range. 
Through the courtesy of R. N. Tucker, superintendent of the 
Division of Electricity of the City of Columbus, the high-pressure 
steam at the Municipal Light Plant was made available for the 
high-pressure tests. 

For the study of fan-driven jets, a bellmouth orifice was in- 
stalled at the end of a large duct which supplied air at pressures 
up to 14 in. water. 

The velocity distribution in the streams produced by the 
various jets was measured by means of a simple impact tube and 
inclined or vertical manometers. 

Because of their dual role of providing additional air and in- 
ducing turbulence, the laboratory jets were rated both on their 
performance as air blowers and their ability to penetrate a region 
with a stream of high velocity. The first is expressed as entrain- 
ment ratio, pounds of air per pound of steam, and the latter as 
penetration or throw, the distance over which all velocities are 
above some arbitrary minimum. 


ENTRAINMENT OF STEAM JETS 


Air Tube. When steam emerges into a space from a nozzle, the 
jet spreads and mixes with the surrounding fluid which is thus 
set in motion. Measurements (7, 8) have shown that the mo- 
mentum of the mixing stream remains constant as more surround- 
ing fluid is drawn into the mixture. Thus as the mass of the jet 
increases, the velocity decreases. When a high velocity is de- 
sired, the mixing action must be stopped as soon as enough sur- 
rounding fluid has been entrained to serve the purpose intended. 
This is done by enclosing the expanding stream in a tube. Then 
as the primary jet meets the tube wall no further secondary fluid 
is brought in and the mixture flows on through the tube at con- 
stant velocity. Because of the predominance of the proportions 
of the air tube over the other variables, it will be discussed before 
the steam nozzle. While studying the air tube, the nozzle was 
located 1 air-tube diam back of the throat of the air tube, the 
position recommended by DuPerow and Bossart. 

Air-Tube Entry. Because both flow and mixing of fluids occur 
in the air tube, it is conceivable that what hinders turbulence 
might improve flow or vice versa. Although Young (9) found 
that in the locomotive front end the use of nozzles which in- 
creased turbulent mixing in the steam stream were of no benefit, 
it was felt that the special conditions in that type of jet might 
not be applicable here. 


ENTRAINMENT RELATIVE 
RATIO PERFORMANCE 
Ib air per ib steam per cent 
A 13.2 89 


B 48 100 


Fie. 2 Errect or Air-TuBE ENTRY 


(Nossle diam = %/m in.; steam pressure = 48 psi; air-tube diam = 2 in.; 
length = 10 in.) 
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The shape of the mouth of the air tube doubtless affects both 
mixing and flow, and to check on their effects a number of entries 
were tested. Fig. 2 shows the shapes tried and the results ob- 
tained for a ®/g-in. steam nozzle discharging from 48 psi gage into 
a 2-in-diam air tube 5 diam long. The bellmouth gave the best 
performance, the sharp entry the poorest. It is interesting to 
note that the relative performances of these two shapes are in 
approximately the same ratio as their respective discharge co- 
efficients when serving as simple orifices (10). The good per- 
formance of shape C which was a common 3-in. X 2-in. reducing 
coupling indicates that this is an effective as well as a readily 
available type of entry. 

Stern (5) showed a conical entry, shape D, which was first reeom- 
mended about 1928, by the Cleveland Department of Smoke 
Abatement, then headed by Col. E. H. Whitlock, following the 
work of DuPerow and Bossart which was begun at his suggestion. 
This form was not tested in the present study, but on the basis of 
the other results its performance is estimated as 98 per cent, or 
practically as good as the bellmouth. This conical entry has 
another feature to recommend it in that a strut cast integrally 
with the body serves to locate the steam nozzle rigidly. 

Air-Tube Length. Measurements have been made previously 
(4) of the effect of varying the length of air tube which indicated 
the optimum length to be approximately 7 diam. However, 
recognition by many of the function of the air tube as a mixing 
chamber had produced a number of suggestions for nozzle and air- 
tube modifications which might so facilitate mixing that the 
optimum length of tube might be reduced. Hence the optimum 
length of air tube was first verified with the present apparatus 
before these modifications were tried. DuPerow and Bossart 
recommended that for best performance a 2-in. air tube should be 
between 15 and 30 in. or 7.5 to 15 diam long. For the air ejector, 
Keenan and Neumann (11) found that 7 diam was the optimum 
but that anywhere between 5 and 10 diam gave within 3 per cent 
of the optimum performance. They found that, although the 
optimum length increased slightly with pressure and air-tube 
diameter, the increase was less than 1 diam even when these fac- 
tors were doubled. Fig. 3 shows the relation of the entrainment 
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Fie. 3 RELATION OF ENTRAINMENT Ratio To LENGTH oF AIR TUBE 
FOR 2-IN. STANDARD-PipE AiR TuBE 


ratio, pounds of air per pound of steam, to the length of the air 
tube for a 2-in. standard-pipe air tube at 48 psi gage with a %/¢-in- 
diam (0.141) steam nozzle located 2 in. from the throat of the air 
tube. It is evident that performance decreases much more 
rapidly with tubes which are too short than with those which are 
too long. The optimum length is about 7.5 diam and any length 
between 4 and 14 diam will give within 4 per cent of the optimum 
performance. 

Air Tube With Diffuser. A frequently suggested modification 
of the air tube to improve performance is to make it Venturi- 
shaped. The well-known excellent flow characteristics of the Ven- 
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ENTRAINMENT RELATIVE - 
ATI PERF ORMANCE 
Pac ib air per lb steam per cent 
9.2 100 
11.5 125 
14.9 160 


Fic. 4 Errecr or Dirruser oN ENTRAINMENT 
(Dimensions are nominal pipe sizes; nozzle diam = %/s in.; pressure = 
8 psi.) 


turi-shaped duct were expected to enhance the entrainment and 
possibly reduce the length of air tube needed for good mixing. 

In order to test this idea, a diffuser with an included angle of 10 
deg was added to an air tube made from 1!/,-in. pipe, 7!/2 diam 
long with bellmouth entry. Fig. 4 shows the results in compari- 
son with straight tubes of 1'/, and 2-in. pipe. Although the 
diffuser improved the performance of the 1'/,-in. jet by 25 per 
cent, a larger air tube can give even greater improvement, 60 per 
cent, if a 2-in. tube is used. It was found that a decrease in 
length of either the straight tube or the diffuser reduced the per- 
formance. 

The reason for this apparent anomaly is clear if the differing 
purposes of the overfire jet and Venturi diffuser are examined. 
The purpose of the Venturi diffuser is so to decelerate gently the 
fluid at the throat that a maximum of kinetic energy at the throat 
is converted to potential energy in the form of static head at the 
outlet. Thus with the outlet usually at atmospheric pressure, 
the prime mover can operate against a reduced pressure in the 
system. But when the diffuser is applied to an air tube of a 
steam jet, the reduction in pressure against which the steam from 
the nozzle has to operate is not enough to compensate for the re- 
stricted mixing area at the throat. Thus, compared on the basis 
of outlet diameters the straight tube gives greater entrainment. 

Even if the air tube with diffuser is made large enough to sup- 
ply the desired quantity of air, the decelerating feature of the 
diffuser is usually undesirable because penetration and turbulence 
are both reduced by it. This disadvantage of the Venturi shape 
applies both to fan and steam jets. 

Other Air-Tube Modifications. In practice it is sometimes de- 
sirable to bend the air tube, either to avoid structural difficulties 
or to reduce the amount of projection of the air tube where the 
walls, such as in a locomotive firebox, are too thin to contain an 
air tube of optimum length. To find the effect of a partial bend, 
a common 2-in. 45-deg pipe elbow was added to two 2-in. air tubes 
both 2.9 and 5 diam long, both less than the optimum length. 
This did not impair entrainment as was expected but instead 
raised the entrainment by approximately 3 to 5 per cent. Ona 
tube 11.6 diam long, or about 4 diam in excess of the optimum 
length, entrainment was reduced slightly by the addition of the 
45-deg elbow. A 90-deg elbow decreased entrainment in all 
cases. When a length of pipe 1 diam long was added, following 
the 45-deg elbow on the short tubes, entrainment dropped 8 per 
cent. Observation indicated that the stream was deflected only 
20 or 30 deg by the 45-deg elbow alone. Apparently, for short 
tubes the added mixing in the elbow improved performance more 
than the added resistance impaired it. Addition of pipe following 
the elbow, however, caused the change in the direction of the 
stream to approach 45 deg. The added resistance of this turn 
offset improved mixing in the elbow. 
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These tests indicate that where the direction of the stream must 
be altered, a change up to 30 deg can be made without sacrificing 
entrainment if the air tube is about 5 diam long before the elbow. 
Greater angle or added length of tube either before or after the 
bend reduces entrainment. 

Steam Nozzle. Data are available (12) for proportioning the 
steam nozzle to convert a maximum of the enthalpy of steam into 
kinetic energy acting in one direction. For steam turbines this 
has been shown to be important. Shock losses and useless 
lateral expansion result from a poorly shaped nozzle. However, 
for the jet, mixing appears to be impaired very little by the use of 
a simple nozzle which neglects this refinement. DuPerow and 
Bossart tested both a simple sharp-edged orifice formed by drill- 
ing a '/s-in. hole in a !/,-in-pipe plug and a “‘theoretical’’ con- 
vergent-divergent nozzle of the same throat diameter. They 
found no difference in the performance of the two. This might 
be attributed to the fact that their “theoretical” nozzle was de- 
signed for pressures much higher than those actually used. In 
the present study, however, nozzles designed according to Marks 
(12) for specific pressures were found to give performance only 
slightly better than that of simple straight-hole nozzles at pres- 
sures up to 170 psi gage. Possibly at higher pressures the differ- 
ences might increase. Fig. 5 shows the nozzles tested. 


PLAIN NOZZLE 


PEPPERBOX NOZZLE 


OIVERGENT NOZZLE 


DESIGN 
PRESSURE, in. in, 
psi gage 
| « 48 0.141 0.141 
. 48 0.157 0253 
ms 170 0.094 0437 
170 0.141 0.635 


Fie. 5 Stream Nozzies 


Several times during the tests, the performance of the jet de- 
creased abruptly without any change in conditions. Inspection 
usually revealed that the flow of steam was being reduced by 
small bits of pipe scale or other impurity lodged in the throat of 
the steam nozzle. In practice, foreign materials may be built up 
at the corner between the noazle and the steam-pipe wall and 
eventually clog the throat. A machined nozzle with a con- 
vergent approach so that this corner is eliminated will reduce 
clogging, but it is probably well to clean the nozzles regularly for 
best performance. 

Nozzle Location. For all of these tests of air tubes, the steam 
nozzle was located 1 air-tube diam from the throat of the tube, 
the point where the entry merges with the cylindrical air tube. 
This location was recommended as about the best by DuPerow 
and Bossart. However, for very short tubes, they recommended 
a slightly greater distance. The effect of the greater distance 
was found in these tests to be measurable but small. Fig. 6 
shows curves of the effect of nozzle position for constant air-tube 
length. It is evident that the optimum distance from nozzle to 
air-tube throat increases slightly as length of air tube decreases. 

DuPerow and Bossart found that it was important to have the 
nozzle centered with the air tube. This was verified in the pres- 
ent study. Also, it was observed that the steam should not be 
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Fie. 6 Errect or Position oN ENTRAINMENT 


directed at an angle with the axis of the air tube. For a 2-in. air 
tube 7.5 diam long, an eccentricity of !/\. in. or an angularity of 2 
deg each decreased entrainment by 2 per cent. The effect of 
these small deviations was not measurable on an air tube 11.6 
diam long, or 4 diam greater than the optimum length. Appar- 
ently, then, the orientation of the nozzle is less critical with long 
air tubes than with short ones. 

Nozzle Body. Flow of air into the air tube and mixing with 
the jets of steam will occur with least disturbance when the out- 
side diameter of the nozzle is as small as possible. On the other 
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hand, it is simplest to use standard pipe plugs or fittings for the 
nozzle body. No small, thin-walled nozzles were used in these 
tests, but Fig. 7 compares the curves for thick- and thin-walled 
nozzles from Keenan and Neumann with a comparable curve 
from Fig. 6. The thin-walled nozzle was tapered on the outside 
so that the tip was little larger than the nozzle outlet. The thick- 
walled ones were all approximately of an outside diameter 51/3 
times the nozzle opening. 

The curves show that the thin-walled nozzle is of advantage 
only where the nozzle is less than 1 air-tube diam from the throat. 

Pepperbox Nozzle. A suggestion which is often made is the use 
of a pepperbox nozzle. This idea stems logically from the ac- 
cepted understanding of the action of the steam jet. The high- 
velocity steam jet is visualized to spread as it moves away from 
the nozzle, and as it spreads it mixes with surrounding air. Ifthe 
jet emerges from the air tube before it has spread enough to meet 
the tube wall, mixing is not complete and entrainment is hindered. 
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Hence, this explanation indicates that if the steam emerges from 
the nozzle over a wide area, as from the multiple jets, it will more 
quickly fill the air tube and mixing will be completed in a short 
length. Young (9) found that, in the special case of the loco- 
motive front end, where the length of air tube or stack is limited, 
the pepperbox gave distinctly better entrainment than any other 
nozzle. The present tests showed that the optimum length of air 
tube is appreciably less with the pepperbox nozzle. Fig. 8 shows 
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Fieg.8 Errect or LENGTH or AIR TUBE FOR PLAIN AND PEPPERBOX 
Nozz._es 
(Air tube made of 2-in. standard pipe.) 


that the optimum length for the 5-hole nozzle shown in Fig. 5, 
having a total area equivalent to a plain nozzle 0.135 in. diam, 
was 5'/; diam. This is compared to 7.5 diam for the plain 
nozzle. However, with the pepperbox, a decrease of air-tube 
length below the optimum causes a rapid decrease in entrainment 
Thus the entrainment of the two nozzles is practically the same 
for air tubes 4 diam long. Noise measurements were not mad 
with the pepperbox, but it was observed that noise was definitely 
less than that from a single-hole nozzle. 

There is an important practical disadvantage to the small 
pepperbox, which Young did not encounter in his large nozzle. 
Impurities in the steam and piping will occasionally clog any noz- 
zle. Ina 5-hole pepperbox equivalent to a simple '/s-in. nozzle, 
the small holes are only 0.056 in. These holes will clog much 
more readily than a plain '/s-in. nozzle. 

Effect of Nozzle and Air-Tube Areas. The work of Keenan and 
Neumann showed that, for the air ejector, the entrainment ratio 
at a constant pressure increased as some power of the ratio of air- 
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tube-throat area to nozzle-throat area. The present study shows 
that a similar relationship holds for the steam jet. Fig. 9 shows 


points obtained at a constant steam pressure of 48 psi gage, with 
the nozzle always 1 diam back of the throat of a 7.5-diam air tube 
having a rounded approach. Nozzle diameter was varied from 
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0.094 (#/32) to 0.157 in. (*/32) and air-tube diameters were varied 
from 1'/, in. to 2'/; in. standard pipe. The resulting combina- 
tions gave the points plotted. The slope of this curve plotted 
logarithmically is identical with the curve for the air ejector 
which was interpolated from the data of Keenan and Neumann 
for a pressure of 48 psi gage. Thus in this respect the air and 
steam jets are similar. However, for the same pressure, the 
entrainment of the steam jet is approximately 30 per cent higher 
than that of the air ejector, presumably because of the higher 
available energy with steam. 
The equation of the curve for the steam jet in Fig. 9 is 


Entrainment ratio = 0.74 (area ratio)®-*........ [2] 


This applies only to steam at 48 psi gage. Although these tests 
did not include area ratios above 500, the air-ejector curves 
were carried up to 1024. It is assumed that the steam and air 
curves would parallel one another at least up to this point and 
that the equation would apply for steam throughout. 

It is evident from Fig. 9 and Equation [2] that there is no 
optimum ratio of air-tube to nozzle size. The larger the air tube 
for a given nozzle, the better the entrainment; a larger nozzle 
will give more air but at a poorer entrainment ratio. 

Steam Pressure. As stated previously, all of the conclusions on 
the construction of the jet are based on tests run at a constant 
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pressure of 48 psi gage steam, dry, saturated, or slightly super- 
heated, 

The study of the air ejector (11) showed that increasing the 
pressure reduced the entrainment. In the present study, a simi- 
lar, though not identical, effect was found for the steam jet. 

In order to operate at higher pressures, the apparatus was 
moved to the Municipal Light Plant of the City of Columbus 
where steam was available at 170 psi gage and 500 F. Arrange- 
ments were made to supply dry, saturated, or slightly superheated 
steam to the nozzle at pressures up to 170 psi gage. The results 
of the measurements of entrainment ratio are shown in Fig. 10, 
for two area ratios. The rate of decrease in entrainment with 
increasing pressure is much less with steam than with air. The 
slope of the curves for steam is partially verified by the curve 
shown from Gebhardt (13) which was for a multiple-inlet steam 
jet of unstated area ratio. 

Both simple drilled pipe caps and convergent-divergent nozzles 
were used. The latter were advantageous only above 100 psi 
gage. In that region, they were 3 to 6 per cent better than the 


simple drilled caps. Possibly the advantage would be greater at 
The statement is sometimes made 


pressures above 170 psi gage. 
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that steam jets undergo a sharp decrease in performance below 
100 psi gage. These tests do not bear this out. 

The lower experimental curve for area ratio of 215 (*/g-in. 
nozzle in 2-in. pipe) of Fig. 10 is represented for the range of 
pressures studied by the equation 


in which P = ratio of initial steam pressure, psia, to atmospheric 
pressure, psia. 

Effect of Superheat. The mass flow through a nozzle decreases 
with increasing superheat, but because the enthalpy increases, 
the energy available in the jet remains about the same. At 40 
psi gage, the steam temperature was raised to 420 deg above the 
saturation temperature. The quantity of air entrained re- 
mained constant. The result was an increase in entrainment 
ratio inversely proportional to the decrease in rate of steam flow. 
Similarly, there was no effect on air flow when the nozzle was 
supplied with wet steam. 

Under the usual test condition with dry saturated steam at 48 
psi gage, the first few feet of the mixture emerging from the air 
tube appeared quite foggy and did not become completely clear 
until about 8 ft from the tip. Room temperatures ranged from 
60 to 80 F. However, when the steam was superheated about 75 
F, the jet usually became completely clear. A clear jet indicated 
that all of the droplets produced by the steam nozzle were re- 
evaporated because of the high temperature of the mixture. 
Whether this occurred depended upon the enthalpy of the enter- 
ing air and steam and the entrainment ratio. 

In a practical jet, if these factors do not combine to introduce a 
clear jet to the furnace, some heat is absorbed from the fuel bed 
to evaporate the drops of water. Thus in addition to the obvi- 
ous advantages of preheating the air supplied for combustion, 
the higher-temperature air insures a clear jet so that the fuel bed 
is not called upon to supply heat for evaporating the drops of 
water. 

Calculated Entrainment of Typical Jets. Equations [2] and 
|3] may be combined into the general equation 


E = (0.89A*%-) 0.953"............... [4] 


This empirical equation then gives, for the range most common, 
the entrainment ratio for any steam jet of optimum proportions: 
Bellmouth entry or equivalent, air tube about 7.5 diam long, 
nozzle approximately 1 tube diam back of the air-tube throat. 
Table 1 gives the weight of air delivered by some typical jets 
computed from Equation [4] for saturated steam. 


TABLE 1 AIR DELIVERY FOR TYPICAL STEAM JETS 


Steam ——Air Quantity, lb per hr——~ 

Nozzle Pressure, flow --Nominal air tube diam, in.— 
diam, in. psi gage lb per hr 1'/: 2 3 4 

3/32 50 23.4 404 537 832 1139 

(0.094) 75 32.4 516 636 1067 1448 

100 41.1 602 801 1239 1699 

150 58.4 724 961 1491 2036 

200 72.8 763 1013 1568 2139 

300 106.7 800 1064 1654 2254 

1/8 50 41.6 525 692 1080 1472 

(0,125) 75 57.2 667 878 1368 1868 

100 72.7 799 1026 1600 2180 

150 103.3 936 1232 1923 2620 

200 134.5 1030 1359 2115 2885 

300 194.0 1063 1402 2185 2983 

5/32 50 64.7 636 845 1350 1782 

(0.156) 75 88.1 797 1060 1694 2235 

100 113.2 943 1253 2000 2643 

150 160.9 1133 1504 2405 3175 

200 208.1 1241 1648 2545 3475 

300 302.5 1292 1718 2741 3625 

3/16 50 94.0 748 986 1522 2105 

(0. 188) 75 129.4 949 1250 1932 2675 

100 164.3 1108 1461 2255 3125 

150 233.8 1332 1792 2710 3755 

200 302.1 1458 1918 2965 4100 

300 439.0 1520 2000 3090 4280 
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PENETRATION BY FAN AND STEAM JETS 


Overfire jets help to mix strata of air and burning gases above 
the fuel bed in addition to providing secondary air. The extent 
to which they mix depends upon the velocity pattern of the 
emerging jets. While the actual boundary of zero velocity is not 
usually of interest, the boundary beyond which the velocity is 
too low to induce appreciable mixing is of practical importance. 
Unfortunately, the velocity at which this occurs is not known. 
In this study, this limit was arbitrarily chosen as 1000 fpm (16.7 
fps) and the point on the axis of the symmetrical jet at which the 
velocity reached this value was taken as the point of maximum 
penetration. The distance from this point to the tip of the jet 
was called the penetration or throw. If later studies show some 
other velocity to be the limit, enough data are available to deter- 
mine the corresponding penetration. 

From theoretical considerations, Tollmien (14) developed an 
expression for the velocity V, at a point along the axis of a con- 
stant-temperature stream as 


empirical constant 

d = diameter of outlet 

Vo = velocity at outlet 

xz = distance, outlet to point z 


Kuethe (16) showed this to hold for all points greater than 8 diam 
from the outlet. If V, is assumed at 1000 fpm then L, the throw, 
becomes 


k 


L= — aV,.—1.9d... 
1000 


With overfire jets, L is large compared to 1.9 d, hence this term 
can be safely ignored, or 


Mackey (7) and others have shown that for air-conditioning 
outlets, this equation applies very well. All of these equations 
apply for constant-density fluid discharging into a fluid of the 
same density, that is, at the same temperature and pressure. 
In terms of the weight of air flowing 


Wo 
5) Ao (8) 
where 
Wo= weight of air 
5) = density of air 
Ao = area of outlet 
and with the pressure practically constant and atmospheric 
Wo 
9] 
(10) 


Thus the temperature of the overfire air affects throw, and the 
obvious economy of preheated secondary air is supplemented by 
the greater penetration possible. 

Davis (15) has pointed out that the furnace temperature influ- 
ences the throw, for the secondary-air jets are heated soon after 
emerging from the air tube. Hence he recommended multipli- 
cation by the factor (7',/T>)'“? where 7; and 7’, are the absolute 
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temperatures of furnace and overfire air, respectively. So 
Equation [7] becomes 


and Equation [10] becomes 


It is evident that this temperature term is of appreciable influence, 
for at a furnace temperature of 2000.F, the throw is increased 71 
per cent over that at 70 F. Davis made calculations for an actual 
furnace which showed that the flame path could be predicted 
from these equations when this factor was included. 

Measurement of Penetration. The constant K must be deter- 
mined empirically. Davis computed a value from some work of 
Keuthe (16) which was limited to very short jets and he intro- 
duced an approximate shape factor to account for the rectangular 
shape of outlet. The present study was confined to circular out- 
lets and throw was measured for both steam and air jets. The 
effect of moisture in the steam-air jet is ignored. 

Velocity measurements were made by means of a simple impact 
tube patterned after the standard pitot tube (17). Preliminary 
static pressure traverses by means of a standard static tube re 
vealed that the static pressure in the jet was definitely below 
atmospheric pressure. It was observed that, at all points in the 
free jet, the static pressure was approximately 10 per cent of the 
impact pressure at the same point but opposite in sign. In order 
to avoid the labor of making separate static and impact traverses, 
this simple relationship was used in the computations for veloci- 
ties from the impact traverse alone. Another approximation 
which it is felt was justified was the use of room-air density in 
computing these velocities, thus neglecting both the moisture 
and temperature of the jet. For example, at 12 in. from the tip 
of the air tube, the temperature was 108 F when room tempera 
ture was 60 F and when the initial steam was 309 F at 48 psi gage 
At that point, the air-steam mixture was saturated, and there 
was much free moisture in the form of a fine spray. Measure 
ment of the true velocity at that point would have been difficult 
Fortunately it is the velocity farther out in the stream which is o! 
much more importance. This is less subject to error because the 
mixture at a distance of 3 ft was cooled to 73 F and most of the 
free moisture was already re-evaporated into the room air whicl: 
had been drawn into the mixture up to that point. Hence it is 
felt that these simplifications in procedure did not seriously affect 
the accuracy in the region of most interest. 

Relation of Air Quantity to Penetration. Fig. 11 shows the 
variation of velocity at the center of the jet with distance from 
the outlet for various nozzles, pressures, and air tubes. Curves |! 
and 2 are for a °/m-in. nozzle without air tube at 48 and 170 ps 
gage, respectively. They show that where supplementary air i> 
not needed, open steam jets will give ample mixing. The increase 
in pressure by a factor of 3.5 did not quite double the penetration 
Curves 3 and 4 show, respectively, the velocity curve for this same 
nozzle at 48 psi gage, a 2-in. air tube and a 1"/,-in. air tube with 
diffuser. The air tube, curve 3, increased the throw over tlie 
open jet, curve 2, and the diffuser, curve 4, reduced the throw 
Curves 5 and 6 duplicate 1 and 3, respectively, except that a */» 
in, nozzle was used; they show that a 55 per cent decrease in noz 
zle area, and hence in steam consumption, decreased the throw 
by only 35 per cent. Curve 7 is for a 2-in. bellmouth passing ai! 
from a fan at a static pressure of 10.3 in. water. 

These comparisons show the effects of a few specific changes. 
but it would be difficult to compare a large number of variables in 
this way. Equations [9] to [12] indicate that all but the open 
steam jets can be compared on the basis of air quantity and outlet 
diameter. 


|_| 
£4+1.9d 
where 
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Fre. 11) Revatrion oF VeLocrry ALONG oF Jet TO Distance 
From Ovt.et For Various JETS 
1—.141-in. nozzle, 170 psi gage, no air tube 
5—0.094-in. nozzle, 170 psi gage, no air tube 
2—0.141-in. nozzle, 48 psi gage, no air tube 
7—Fan jet, 2-in. air tube, 10.3 in. water static pressure 
3—0.141-in. nozzle, 48 psi gage, 2-in. air tube : 
4—0.141-in. nozzle, 48 psi gage, 1'/s-in. tube (7.5 diam) diffuser 
6—0.094-in. noazle, 48 psi gage, 2-in. air tube 
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Fria. 12. Errecr'or Ain Rate on THrow ALONG CENTER LINB oF 
FAN AND STEAM JETS 
(All for 2-in, standard pipe.) 


Fig. 12 shows the throw for a number of steam jets and two fan 
jets plotted against air flow. All are for an outlet made of 2-in. 
pipe.@ The penetration with the steam jet is about 10 per cent 
greater than for a fan jet passing the same air quantity. From 
Equation [10], it is evident that the higher outlet temperatures 
with the steam jet are mainly responsible for the difference. 
Temperature measurements at the outlet were made in only a 
few tests. For the %/u-in. nozzle at 48 psi gage and a 2-in. air 
tube, the outlet temperature was approximately 130 F. Com- 
pared to the fan jet with an outlet temperature of 70 F, the 

3) 
higher-temperature steam jet should have ( 460 +70 
< 100 = 11 per cent greater throw, which agrees well with Fig. 12. 

The temperature would vary with different steam temperatures 
and entrainment ratios. Also the presence of water vapor and 
the high center velocity at the outlet of the steam jet may con- 
tribute to the increased penetration, 

The two fan jets in Fig. 12 were both bellmouth outlets, with 
straight throats 7.5 and 1 diam long and discharge coefficients of 
0.80 and 0.94, respectively. Fig. 12 shows that this difference in 
the type of nozzle did not influence throw. 
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Fie. 13. Errect or Ain FLow oN PENETRATION FOR VaRIoUs AIR 
TuBEs 


Influence of Diameter. Fig. 13 shows the influence of outlet 
diameter for steam jets. For a given air quantity, the smaller the 
outlet, the greater the throw. This is true only if steam pressure 
or nozzle size is varied to keep the air quantity constant. In the 
practical condition, when steam pressure and nozzle are fixed, 
throw does not increase as the size of air tube is decreased because 
the air quantity is decreased at the same time; the two opposing 
effects almost balance so that penetration is nearly independent 
of tube diameter. 

Tests of fan-driven jets with varying diameters were not made. 
However, it can be shown that the effect of decreasing the outlet 
diameter is not the same as with steam jets. The outlet acts as a 
simple orifice with a discharge coefficient between 0.6 and 0.95 
depending upon how well it is made (10). Fora given air pressure 


where 


w = air flow 
a constant 
d diameter 


but from Equation [10], for constant temperature 


thus 


Hence if the fan is capable of maintaining a constant pressure at 
the outlet as diameter is increased, throw will increase directly 
asthe diameter. Both curves in Fig. 12, may be expressed within 
3 per cent by the equation 


where 


L = penetration, in. 

W> = air flow, lb per hr 

To = air temperature, deg F abs 
d = outlet diameter, in. 


The use of the Davis factor for furnace temperature effect to-’ 
gether with this equation will give fairly accurately the penetra- 
tion for an actual furnace. Equation [16] gives values of pene- 
tration about 10 per cent higher than values computed from the 
data of Cleve for fan-driven jets. This disagreement is not 
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large considering the uncertainty of velocity measurements under 
the conditions of irregular, fluctuating flow obtaining in the 
stream. 

Fan Pressure. The use of comparatively high air pressures for 
fan-driven jets is becoming more widespread. Flow from an 
outlet of given diameter is proportional to the square root of the 
pressure in a large duct supplying the outlet, hence doubling 
the pressure will give a 41 per cent increase in air flow and penetra- 
tion. It should be emphasized, however, that the ducts leading 
from the fan to the port should be of ample size. The authors 
know from laboratory experiences and field experiences of others 
that these ducts are likely to be undersized if they are chosen by 
guesswork rather than by calculation. Thus much of the pres- 
sure available at the fan can be easily dissipated in high friction 
losses occasioned by excessive velocities. A safe velocity to use 
for the design of the ducts is 2000 fpm. 

Width of Penetration. The distance to which the stream 
spreads from the center line of the jet outlet is important in that 
it indicates the optimum spacing of jets if the width of the firebox 
is to be covered adequately. Here again a knowledge of the 
minimum velocity necessary for satisfactory mixing would be 
helpful. Lacking this information, the same arbitrary limit of 
1000 fpm was used to determine the spread. 

Fig. 14 shows three typical velocity patterns, i.e., that of a 
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Fie. 14 Typreau VeLocity PAatrerns FoR TYPICAL JETS 


(Steam jets at 48 psi gage, 0.141-in. nozzle. No air for top jet. Air rate 
for others 740 lb per hr.) 


15 


View or Typricat Jer 


free steam jet without air tube, a jet from the same nozzle with 
optimum size of air tube, and a jet from the same air tube sup- 
plied by a fan delivering approximately the same air quantity as 
the steam jet delivered. The curves are the envelopes or lines 
connecting all points at which the velocity was 1000 fpm. As for 
curves 1 and 2 in Fig. 11, the open steam jet is seen to produce a 
considerable region of high velocity. Although the penetration 
of the various open jets observed averaged 10 per cent less than 
that of the corresponding jets with air tubes, these results are in 
distinct contrast to the conclusions of DuPerow and Bossart that 
“air is required to give body to the jet.”” The tests from which 
this conclusion was drawn were made with the entrance to an air 
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tube sealed off so that the jet was serving as a vacuum pump for 
the mixing region rather than as a blower. 

The inferior penetration of the fan-driven jet shown in Fig. 14 
has already been shown, in the case of Fig. 12, to be caused 
mainly by the lower temperature of the fan-driven jet. 

Fig. 15 illustrates a fan-driven jet colored with ammonium- 
chloride smoke. The visible envelope is greatly different from 
those measured and shown in Fig. 14, because the slow mixing 
which occurs between the 1000-fpm envelope and zero velocity or 
still air is indicated. The total angle of spread measured on the 
figure is 20 deg. The angle of spread measured for the emergent 
jets in Fig. 14 varied from 12 deg for the fan-driven jet to about 
15 deg for the steam jets with air tubes, 18 deg for the unenclosed 
steam jet. It will be noticed that the maximum width of the 
1000-fpm envelope is about 12 in. for these jets operated at 48 psi 
gage. It is not expected that higher pressure and the accom- 
panying higher air quantity would increase the width in any 
greater proportion than penetration is increased. In other 
words, the maximum useful width of any jet is approximately 
one tenth of the throw if the minimum practicable velocity is 
1000 fpm. 


oF Steam JBTs 


The noise produced by steam jets is frequently cited as dis- 
couraging their use. A simple silencer has been found to reduce 


TABLE 2 COMMON INDOOR NOISES (19) 


Decibels 

Painful sound 

Boiler works 

Very noisy factories 
aaa Very loud radio music 
Stenographic room 
Re Average of six factory locations 
Noisy office 

eee Few places where people work are below this 
rere Soft radio music 

ee Threshold of audibility 


jet noise greatly without hindering the performance of the jet in 
delivering air. 

With dry steam flowing through a °/-in. nozzle under a pres 
sure of 45 psi gage, the noise level measured at a point 34 in. from 
the outlet of the nozzle was 83 decibels. Fig. 16 shows the 
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Fic. 16 SItencer Testep in LABORATORY 


silencer which was located concentrically about the jet. It con- 
sisted of a sheet-metal cylinder lined with hair felt. The noise 


level was reduced to 70 decibels. This corresponds to a reduction 
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in noise intensity of 95 per cent. Throughout these measure- 
ments, the laboratory noise level was 65 decibels. The level of 70 
decibels is less than that prevailing in many boiler rooms and is 
about the noise level of a busy city street. Table 2 gives the 
noise level of some common sounds. 

It was found that moving the lip of the silencer too close to the 
front wall so throttled the flow of room air into the jet that the 
performance of the jet was impaired, but this did not occur until 
the lip was '/, in. from the front wall. The velocity past the lip 
at this point was calculated to be 2060 fpm. 

The rate of air flow would be increased by higher steam pres- 
sure, a large steam nozzle, or a larger air tube. Hence in such 
cases the area allowed between the lip of the silencer and the 
front wall should be greater. 

In many cases it would be desirable to make the diameter of the 
silencer less than 12 in. This would be practicable without 
sacrificing much in noise reduction, but the distance of the lip 
from the front wall should be increased in order to keep the air 
velocity low. 

The inside depth of the silencer tested was 3 in. This distance 
could be decreased considerably without affecting performance, so 
long as the air flow was not throttled. 

Additional inverted buckets lined with sound-absorbent ma- 
terial could be arranged concentrically with the jet to provide a 
zigzag passage with additional absorbing surface, but indications 
were that the noise reduction by the first silencer was so large 
that little room was left for improvement. 

The sound-absorbent material used in these tests was hair felt. 
To avoid fires, rock wool should be used which has the same 
sound-absorption coefficient as hair felt, ie., 0.50. Some com- 
mercial fireproof sound absorbents give better absorption; a very 
few have almost double the sound absorptivity of rock wool. 

Another effective way to reduce the noise of a number of jets 
close together is to install a trunk air duct leading to the jet inlets. 
The duct inlet can be located outdoors or above the floor so that 
the noise is not so apparent on the floor, or it can be connected to a 
preheater to permit supplying preheated air over the fire. In any 
such duct system, the design should permit low air velocities so 
that the steam jet does not have to work against a partial vacuum 
at its inlet. 

Laboratory tests showed that a reduction in pressure of only 1 
in. of water below atmospheric reduced the entrainment of the jet 
approximately 5 per cent. A safe velocity to use in any extended 
duct system is 2000 fpm. 


EFFiciENcy OF JETS 


Based upon the kinetic energy alone of the air entering the 
furnace, the efficiency of even the optimum steam jet is low. 
The remainder of the total energy supplied goes to preheat the air. 
However, this preheating cannot be considered of much advan- 
tage; it occurs largely at the expense of the condensing vapor 
which immediately absorbs energy from the fuel bed upon re- 
evaporation. 

Table 3 gives the efficiency of typical jets calculated according 
to Equation [17] 


TABLE 3 EFFICIENCY OF TYPICAL JETS, SATURATED 
STEAM '/s-IN. NOZZLE 
Air-tube 
Steam diam, ‘ 
pressure, nominal Efficiency, 
psi gage diam per cent 
100 1 12 
2 0.8 
3 
” Assume outlet-air tem- 
300 1 2.6 perature, 100 
2 0.7 Feedwater temperature, 
3 0.6 60 F 
a 0.5 
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Effie: Kinetic energy of air 
Umecrene = = 
Energy supplied 


.. (17) 


where 
W = steam flow, lb per sec 
= entrainment ratio 
acceleration of gravity 
air density in air tube, lb per cu ft 
= area of air tube, sq ft 
= enthalpy of initial steam, Btu per Ib 
hy» = enthalpy of feedwater, Btu per lb 
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= 


It is evident that the efficiency is nearly independent of the pres- 
sure but decreases with increasing air-tube diameter. 


Cost or OPERATION 


Although a fan is many times as efficient an air mover as the 
steam jet, it is well to examine the other efficiencies which enter 
into the use of a fan. If a plant generates its own power, the 
steam costs the same whether supplied to the jet or to a turbine. 
This cost will range from 23 to 37 cents per 1000 lb for the usual 
range of coals, 10,000 to 14,000 Btu per lb, $3.50 to $4.50 
per ton, and boiler efficiencies from 50 to 85 per cent. If 
the efficiencies of the turbine, motor, and fan are 20, 75, and 60 
per cent, respectively, the over-all efficiency of this combination, 
neglecting slight electrical and air-pressure losses, is 9 per cent. 
Thus, the fan-motor-turbine combination requires only about one 
ninth the energy required by a steam jet to supply the same air. 

For a '/;-in. steam nozzle at 100 psi gage using 72.7 lb of steam 
per hr, the yearly cost would be $191 if operated continuously 
with steam at 30 cents per 1000 lb. If operated on plant-pro- 
duced electrical energy, a fan would cost $21 per year to operate. 
Thus based upon continuous operation, $170 per year would be 
saved by the fan. If operated only part of the time, savings 
would be proportionately smaller. 

If electrical energy is purchased from outside, the saving is not 
so great. These energy costs can be compared on the basis of 
1000 Btu. 

If power costs 2 cents per kwhr, the corresponding cost per 1000 
Btu is 0.58 cents. The motor-fan combination will use this 
energy with an over-all efficiency of 60 X 0.75 = 45 per cent. 
Thus, per useful 1000 Btu, the cost would be 1.29 cents. 

At 30 cents per 1000 lb, the energy cost of steam, at say, 1150 
Btu per lb is 0.026 cents per 1000 Btu. The steam jet will use 
this energy with an approximate efficiency of 1 per cent; or the 
cost per 1000 useful Btu will be 2.6 cents or twice the fan power 
costs. For an output equivalent to that of the typical '/,-in. 
steam jet costing $190 per year, the fan would thus cost $93 per 
year, saving $97 per year. Table 4 gives similar figures for 
various power costs. 


TABLE 4 COMPARATIVE OPERATING COST, STEAM JET* 
VERSUS FAN 
Steam Jet Operating— 
-—Fan operating cost— cost 
Power Cost of Cost of Cost of Cost of Cost Yearly 
cost, energy ” useful © energy usefuld ratio, saving 
cents consumed, energy, consumed, energy, steam by use 
per cents per cents per cents per cents per jet to of fan, 
kwhr 1000 Btu 1000 Btu 1000 Btu 1000 Btu fan dollars 
1 0.29 0.65 0.026 2.6 4.0 143 
2 0.58 1.29 0.026 2.6 2.0 97 
3 0.88 1.95 0.026 2.6 1.3 4a 


@ Based on air delivery equivalent to that of 1/s-in. steam noasle at 100 
psi gage, 2-in. air tube; steam rate 72.7 lb per hr. 

61 kwhr = 3415 Btu. 

© For fan efficiency = 60 per cent; motor efficiency = 75 per cent; 
assumed ducts large enough to make pressure losses negligible. 

4 Steam cost: 30 cents per 1000 lb, corresponding to coal at $4 per to 
12,000 Btu per lb; toiler-furnace efficiency = 65 per cent; enthalpy 
steam = 1150 Btu per lb. 
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Fre. 17 Errect or VARYING PERCENTAGES OF OVERFIRE AIR FOR 
Fixep SuPPLIED BY Fans 


(Dotted curves are calculated trajectories of air from Davis. Table 5, from 
Davis, gives percentages corresponding to curves.) 
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TABLE 5 DATA USED BY DAVIS IN CALCULATION OF AIR 
TRAJECTORIES IN FIG, 17 


Average 
Percentage Air upward 
Overfire air as of carbon tem- Total Initial velocity of 
percentage of dioxide at perature,  overfire, velocity, furnace 
total air boiler exit deg F air, cfm fps gases, fps 
A 5.65 10.1 222 1990 33.7 9.4 
B 10.5 9.3 234 3780 64.0 8. 
Cc 16.6 9.0 242 6050 102.5 8.3 
D~ 20.0 8.8 244 7300 123.5 8.0 
E 21.4 9.0 244 7780 132 7.8 
P 22.8 8.9 242 8300 140.5 Ys 
G 26.8 8.5 244 9750 165.0 7.3 
H 28.8 9.5 246 10500 178 7k 


Nore: Number of nozzles, 18; size 3!/1 in. X 21/4 in.; total area, 0.985 
sq ft; jet inclination, aT downward; furnace 15 ft X 16 ft; average 
furnace temperature, 2100 F. 


APPLICATION 


This study has not included tests of the effectiveness of overfire 
air jets in reducing smoke or combustible losses. Tests have 
been proposed to investigate the effect of location, number, angle, 
air quantity, and velocity on rating, smoke, and efficiency. A 
few published data giving results from specific applications are 
available. 

Fig. 17 shows the effect of location, angle, and air quantity on 
an English installation, described by Robey and Harlow (2). 
Davis computed the expected trajectories of the air, shown dot- 
ted. Table 5 from Davis indicates the furnace conditions which 
existed. A maximum of 28.8 per cent of the total air supply as 
secondary air was used. In addition, successful use of an amount 
of secondary air in excess of 40 per cent of the total was reported. 
It was contended that the thicker fuel beds and lower grate 
speeds possible with high secondary-air quantity offset the re- 
duced cooling effect of decreased wind box air so that no trouble 
was encountered from overheating the grate. 

The effect of increasing the amount of secondary air in the case 
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shown was to reduce the length of flame and force it toward the 
rear wall. This, however, is not necessarily a function of per- 
centage of overfire air alone. Fans were used, and the same 
effect might have been obtained by decreasing both the air 
quantity and size of jet opening according to Equation [10]. 
This is nearly true also for steam jets, except for the slight reduc- 
tion in throw which occurs with a decrease in the size of air tube. 
Fan-jet pressures ranging from wind box up to 30 in. of water 
(20) have been advocated. Provided the air ducts do not 
throttle flow, the higher pressures permit use of less air to produce 
the same velocity distribution or penetration. On the other 
hand, on narrow fireboxes, especially those on which jets can be 
installed in both sides or front and rear, even the pressure differ- 
ence afforded by induced draft may give sufficient penetration 
without introducing excessive amounts of unnecessary air. 


EFFEcTs OF OVERFIRE AIR 


Carroll (21) has emphasized the accuracy required in gas 
analyses in order to measure the small gains in over-all boiler- 
furnace efficiency effected by overfire air. Christensen and 
Strahl (22) obtained a variation in improvement of 1 to 10 per 
cent from identical tests on the same furnace; these variations 
were random and not because of some specified change. Gas 
analyses made without the jets revealed very high excess air, 
hence overfire air could not have improved burning very much. 
On very poor installations where there is a definite deficiency of 
overfire air, large increases in efficiency might be obtained because 
of the low efficiency; but more fundamental changes than over- 
fire air might do as well at lower cost in the long run. 

Determination of the increase in rating and decrease in smoke 
is less difficult. Carroll reported on one installation an increase 
of 25 per cent in steam production. Gilg (23) measured an in- 
crease in burning rate without smoking from 40 to 48 lb per sq [{t 
per hr on a chain-grate stoker; also an increase in the ‘‘no-smoke”’ 
limit of steam production of 27 per cent on a large cross-drum 
boiler fired by an underfeed stoker. 

Thus the output of even well-designed and operated existing 
installations can be increased substantially without any increase 
in smoke and with equal or slightly better efficiency. 


CONCLUSIONS 


The experimental data on the performance of steam and fan a1: 
jets designed to provide mixing or secondary air, or both, show 
the following: 


1 The optimum length of air tube on a steam-air jet is about 
7.5 diam, and the optimum nozzle location is about 1 air-tube 
diam back of the throat of the air tube. The tube entry shoul: 
be rounded or funnel-shaped.* 

2 For a given steam pressure and a given nozzle, the larger 
the air tube, the greater is the weight of air delivered. Also, for « 
given steam pressure and a given air tube, the larger the nozzle 
the greater is the steam flow and weight of air delivered. 

3 A Venturi-shaped air tube is less effective than a straig!it 
tube of the same outlet diameter, both from the standpoint of «ir 
flow and penetration. 

4 The pepperbox nozzle is quieter than a single-hole nozzle 
and permits shorter air tubes, but the small holes are likely tv 
become obstructed by foreign materials. 

5 The ratio of weight of air entrained to weight of steam use«! 
decreases with increasing steam pressure. 

6 For a given mass rate of flow of air, the penetration |= 
directly proportional to the temperature at the outlet and in- 
versely proportional to the diameter, for both fan and steam jets 
However, for steam jets at constant steam pressure, the penet'\- 
tion is practically independent of air-tube diameter. 
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7 With fan jets, penetration is directly proportional to outlet 
diameter at constant pressure. 

8 A steam jet which entrains no air gives nearly as much 
penetration as a jet with air tube. 

9 The width of penetration is only about !/1. the depth of 
penetration. 

10 The noise from the steam jet can be effectively reduced by 
a very simple silencer. 

11 For most installations, the low efficiency of even the best 
steam jet makes its operating cost higher than fan jets. 

12 Further tests on specific installations are proposed to 
determine the optimum number, size, and orientation of jets. 
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Discussion 


Wiiuiam G. Curisty.‘ The authors are to be congratulated 
on a very interesting paper covering quite a complete investiga- 
tion of overfire air jets. While jets have been used for many 
years, there has not been too much authoritative information 
available about them. 

It is a little disappointing to find that most of the tests con- 
ducted were with a steam pressure of 48 psi. In practice, we have 
found that steam-air jets are not effective in eliminating smoke 
with less than 75 psi steam pressure. A minimum of 100 psi 
pressure is better. On boilers operating with 45 to 50 psi pres- 
sure, the jets do not eliminate the smoke. 

During the last 12 years, jets similar to Type D, Fig. 2 of the 
paper, have been used in Hudson County. In the great majority 
of cases, they have been successful, provided they are used. 

It is good to know that these tests confirm the fact that it is 
important to have the steam jets in the exact center of the air 
induction tube and 1 diam away. Also, that the optimum length 
is 7.5 diam. 

Attention should be called to the fact that the cost figures men- 
tioned are based on continuous use of jets. In practice on most 
jobs they are used only 10 to 20 per cent of the time. This 
would reduce the estimated cost of operation. 

The writer was disappointed that the Bibliography does not in- 
clude reports of tests made by the Pennsylvania Railroad at the 
locomotive test plant at Altoona, some 30 years ago. These tests 
made on locomotives were quite extensive. 

Those of us who are interested in the application of overfire air 
jets hope this work will be carried on and that tests will be run on 
boiler installations to show the effects on smoke, fly ash, and 
boiler efficiency. 

In practical application of such jets. the great objection is that 
the human element is too important a factor. In other words, 
many jets are installed and not used regularly. The operators 
forget, do not bother, or do not like the noise. The human ele- 
ment could be overcome by use of a control which would tura on 
the jets whenever the firedoor is opened. Many such installa- 
tions have been made, particularly in Europe. A considerable 
increase in the cost of installation is involved which makes it 
difficult, or impossible, to show any return on the investment. 


F. X. Gite.§ As stated by the authors, steam jets and steam- 
jet air aspirators have been used for many years and it is surpris- 
ing how little information has been available on their design and 
effectiveness. Therefore the authors are to be commended for 
their work in presenting the data obtained from their tests at 
Battelle Memorial Institute. They have done considerable de- 
bunking of steam-air-jet design and reduced it to practical terms 
which can be used by any one familiar with boiler-room require- 
ments. When it is realized that an effective, economical steam 
air jet can be made from a piece of 2-in. pipe with a 3-in. X 2-in. 
reducer on the inlet end containing a small capped end of a steam 
pipe drilled with a '/s-in. hole as the steam nozzle, and obtain a 
12,000-ft-velocity air jet with a steam consumption of just 
slightly more than 1 lb per min at 100 psi pressure, we have a 
rough idea of the fine work these authors have done in supplying 
the information. 


4Smoke Abatement Engineer, Department of Smoke Regulation, 
Hudson County, Jersey City, N.J. Mem. A.S.M.E. 

’ Mechanical Engineer, The Babcock & Wilcox Company, New 
York, N.Y. Mem. A.S.M.E. 


4 
it 
ir 
le 
Is 


752 TRANSACTIONS OF THE A.S.M.E. 


Their work on penetration of fan and steam jets is particularly 
enlightening and will explain why so many early overfire air sys- 
tems, using stoker wind-box pressure, proved inadequate. Effec- 
tive penetration requires velocities higher than the velocity of the 
gases in the furnace. While the average velocity in a furnace 
might very well be 1000 fpm, there are zones at the front over the 
active burning zone where the actual velocity is many times more 
than the average. Between these high-velocity high-excess-air 
strata and the arch, we usually find the unburned volatile gases 
which are deficient in air. To burn these gases it is only neces- 
sary to mix these two strata but to do this, high-velocity jets are 
necessary to penetrate into the high-velocity gas and air streams. 
Thus the quantity of overfire air is not as important as the 
proper turbulence. 

The quantity of overfire air adds to the total air for combus- 
tion and, in some installations with limited fan capacity, in- 
creased steaming capacity can be obtained with steam-air jets. 
During this emergency period when fans are scarce, this feature 
of the steam-air jet cannot be ignored. To obtain the added air 
for combustion the tendency will be to use the larger air tubes 
which, from Table 1 of the paper, show a greater entrainment of 
air for the same steam consumption. However, the velocity leav- 
ing the tube is considerably less than from the smaller air tubes 
and therefore they might not be as effective as overfire air 
nozzles. For instance, a '/s-in. steam nozzle at 75 psi pressure 
will aspirate 878 lb of air per hr through a 2-in. pipe at a velocity 
of about 11,000 fpm. The same steam nozzle and steam con- 
ditions will aspirate 1868 lb per hr through a 4-in. pipe, but the 
velocity leaving the nozzle will only be about 5100 fpm. The 
ratio of quantity increase is about 2 to 1, whereas the area in- 
crease is 3.8 to 1, hence the lower velocity. Since penetration is 
primarily a function of velocity leaving the air nozzle, the writer 
cannot agree with the authors’ statement: ‘‘Penetration is nearly 
independent of tube diameter.”” It does not check with their data. 
However, the only reason for mentioning it is to emphasize the 
necessity of choosing high-velocity air jets if they are to function 
as overfire air nozzles rather than simply as air movers. 

The simple silencer design is a welcome device and will remove 
one of the objectionable features of steam-air jets in boiler rooms. 
The writer has seen more than one job with steam-air jets turned 
off by the fireman because he could not stand the noise. 

The fact that steam-air jets are not as efficient as overfire-air 
fans is not too disturbing during these abnormal times when it is 
considered that many plants can obtain the well-known benefits 
of overfire air by the addition of these simple devices which 
they can design from the data presented by the authors and 
fabricate in their own plants. 

Proper location of overfire air jets is important, but, un- 
fortunately, there is not yet a complete answer which may be used 
as a guide in all cases. Experience is the best teacher and the 
results will show in the performance of the units, perhaps as 
(a) reduced smoke; (b) higher efficiency; (c) higher capacity; 
(d) shorter flame travel and attendant benefits; (e) better ig- 
nition at the stoker. 


M. A. Goetz.‘ This paper comes at a time when most steam 
plants are being pushed to the limit of their capacity. Ifa way 
to increase rating by the introduction of overfire air jets can be 
worked out, it should find wide application throughout the entire 
country. Not only is this information urgently needed now, but 
after the present emergency passes it will be equally valuable, as 
civic authorities are bound to renew their interest in the problem 
of smoke abatement. The authors are to be congratulated on the 
clear and understandable presentation of their studies; and it is 
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hoped they will be able to proceed immediately to the application 
of their jets on actual boilers. Under the present manpower 
stringency, small boiler plants simply do not have the necessary 
personnel to carry on experiments, and the overfire-air installa- 
tion must be handed to them as a completed job. 

In connection with this study, the experiments of the writer’s 
organization, commencing back in 1936, and extending over a 
period of a year and a haif, may be of interest. We were then 
interested in developing a means of increasing the smokeless ca- 
pacity of stoker-fired boilers in which bituminous coal is burned. 

Preliminary Laboratory Experiments. Experiments were com- 
menced in the laboratory and they indicated that a fairly large 
quantity of air was required to eliminate smoke completely, and 
that cold air was just as satisfactory as hot air. It also ap- 
peared that a large nozzle was more effective than a number of 
smaller ones of equivalent area. 

Experimental Boiler Installation. The experimental installa- 
tion was made on a horizontal cross-drum boiler having a total 
evaporating surface of 24,700 sq ft. The furnace has a volume 
of 8500 cu ft and is enclosed by waterwall tubes covered with re- 
fractory-type blocks on the rear and side walls. It has a depth 
of approximately 20 ft from the rear to front wall and a width of 
26 ft. The unit has an interdeck superheater, economizer, forced- 
and induced-draft fans, and a wet-type cinder catcher. It is pro- 
vided with a 15-retort 33-tuyere underfeed-type stoker with an 
overfeed undulating-grate section at the end. It has a nominal 
generating capacity of 320,000 lb of steam per hr. 

Six overfire air nozzles 2?/, in. wide X 18 in. high were equally 
spaced across the rear wall of the boiler at an elevation about 
equal to the head end of the downward sloping fuel bed. They 
were so designed that their vertical height could be varied from 18 
in. down to zero, and so that the air could be directed in an up- 
ward or downward direction. Each nozzle was supplied from a 
main header by an individual branch duct containing a damper, 
and a turbine-driven blower of sufficient capacity was temporarily 
set up to furnish the overfire air at pressures up to 26 in. of water. 

Tests to Determine Optimum Opening of Rear-Wall Nozzles. Ob- 
servations indicated that nothing was to be gained by directing 
the air upward or downward, hence the effect of various nozzle 
sizes was determined with the air directed horizontally across the 
furnace toward the head of the fuel bed. 

Nozzle heights of 18, 14, 12, 10, 8, and 6 in. were tried. Table 
6 of this discussion shows the amount of overfire air required when 


TABLE 6 AMOUNT OF OVERFIRE AIR REQUIRED TO 
ELIMINATE SMOKE 


Vertical open- 


ing or height Header air Ratio of overfire 
a six rear Area of pressure, Total overfire- air to total air 
overfire-air each nossle, in. of air flow, cfm supplied to 

noasies, in. 8q in. water of free air boiler, per cent 

6 16.5 21.0 21900 26.6 

8 22.0 17.8 23200 28.3 

10 27.5 15.1 24700 30.0 

12 33.0 oe 25000 30.5 

14 38.5 10.8 27000 32.9 

18 49.5 93 27200 33.2 


using all six nozzles toeliminate completely very dense smoke cre- 
ated by purposely disrupting the fuel bed. 

Tests were also run with some of the nozzles cut out, but the 
results were not as satisfactory as with all six in use. 

Tests With Side-Wall Nozzles. A pair of side-wall nozzles, 
one on each side, was installed about 4'/; ft from the rear wall so 
as to direct air over the tail end of the fuel bed. They were 
placed at a slightly higher elevation than the rear nozzles so that 
the jets of air therefrom would not collide with those coming in at 
right angles from the rear wall. 

No beneficial results could be observed by the use of these two 
side-wall nozzles. They were subsequently moved up to within 
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about 2'/; ft from the front wall, but here again the six rear noz- 
zles appeared to do just as good a job without them. 

Permanent Installation. For the permanent installation on 
eight boilers, two variable-speed fans, each capable of delivering 
135 000 cfm of air at a static pressure of 24 in. of water were 
selected for the air supply. Six nozzles 2°/,in. X 12 in. were uni- 
formly spaced across the rear wall of each boiler. 

In actual operation, it has usually been possible, even at maxi- 
mum ratings on the boilers, to eliminate smoke entirely with 
very much less volume and pressure of overfire air than used in 
the experiments with artificially created smoke. In most cases, 
a volume representing 14 per cent of the total air supplied and a 
pressure of from 3 to 6 in. of water are sufficient. 

In addition to the elimination of smoke, there is also a reduction 
in the cinder loss at the higher ratings on the boiler at which the 
overfire air is used. 

From a maintenance standpoint, there is an advantage in not 
using any more overfire air than necessary. The reason for this is 
that on an economy basis the total air-fuel ratio should not be 
increased, or in other words the air flow through the fuel bed must 
be reduced by the amount that goes over the fire. This means 
that with overfire air the fuel bed must be thickened in order to 
carry the rating, resulting in higher temperatures in the fuel bed 
and furnace, which in turn cause increased maintenance on the 
refractory front wall, stoker, and pit. 

In conclusion, our experience has shown that the use of over- 
fire air is effective in increasing materially the smokeless rating 
on a large industrial boiler equipped with an underfeed stoker 
and burning bituminous coal. The cinder loss at the higher boiler 
ratings is reduced. Care must be taken that refractory and 
stoker-iron maintenance is not increased, as this will take place 
when the volume of overfire air is large over an extended period of 
time. 


H. K. Kuaeu.’ It has been said many times that steam jets 
are as “old as the hills,” but it is certain that very little has been 
known about the scientific principles surrounding their design 
and use. The present paper therefore is more than appropriate 
in throwing further light on the subject with the addition of in- 
formation on fan jets. The investigation of DuPerow and Bos- 
sart at Case School of Applied Science in 1927 was the first work 
ever done on this subject, but except for the standard Cleveland 
Smoke Department design shown in Fig. 2, (C) and (D) of this 
paper, there has been little or no use made of this information. 
Design (C) was developed in order to enable users to make the 
heads in their own shop and thus avoid paying the excessive cost 
of some of the commercial steam jets in use in Cleveland at that 
time. Installations were being made under horizontal return- 
tubular boilers for as much as $500 to $600 per boiler. Design 
(D) was developed as a casting which was sold by a local shop and 
extensively used by the steamship companies. Some of the jets 
now used by the stoker companies leave much to be desired, and 
it is believed that they should avail themselves of the information 
contained in this paper. 

In using the Cleveland type jets in hand-fired boilers in various 
schools in Cleveland, it was found that they were ineffective in 
reducing smoke at less than 40 psi. Various devices were used 
to muffle the noise of the jets which is often objectionable to fire- 
men, particularly in the closed fire rooms of Lakes vessels. A 
sheet-metal duct open at both ends was one of the cheapest and 
most effective mufflers which apparently satisfied the firemen. A 
duct leading up to and surrounding a section of the breeching also 
was very effective and gave a certain amount of preheat to the air. 
Another type pulled the air through air spaces in the side walls. 


’ Chief Engineer, Smoke Regulation and Boiler Inspection, Dis- 
triet of Columbia. Mem. A.S.M.E. 
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One of the most striking cases known to the writer was that of a 
Coxe chain-grate stoker installed under a 650-hp water-tube boiler 
at the central furnaces of the American Steel & Wire Company in 
Cleveland to burn coke breeze. Due to a change in operations, 
it became necessary to use high-volatile coal on this stoker. It 
then produced a No. 4 smoke continuously. An installation of 
steam jets through the arch was made which resulted in a clear 
stack and an increase in boiler output and efficiency. The im- 
provement seemed almost unbelievable to the company. 

It is gratifying to note that many of the conclusions estab- 
lished in the earlier study have been verified by this later and 
more extensive research, and it is to be hoped that further work 
will be done along the lines most interesting to smoke inspectors, 
particularly on underfeed stokers. 


E. D. Benton. The authors are to be congratulated upon 
rationalizing design data of the important but little understood 
steam-air jet. Air jets play such an important part in smoke 
abatement, it is indeed strange that until now practically no 
data have been available from which competent design could be 
calculated. The exploding of the theories regarding the Venturi- 
shaped induction tube and the fact that a steam jet, without 
benefit of air tube, is able to penetrate practically as far as one 
with an air tube, should promote better application than in the 
past. It has been the writer’s experience, in certain instances 
where turbulence only was necessary to abate smoke, that addi- 
tional overfire air was detrimental to efficiency. This is particu- 
larly true with natural-draft chain grates operating with short fires. 

The steam-air jet, because it is cheap and simple to apply, 
will be used in many installations in spite of its cost of operation, 
as compared to high-pressure fans. This is particularly true on 
locomotives. In the case of the locomotive, a table giving air 
capacities of short induction tubes for various pressures would be 
useful in spite of the low ratios of entrainment. 

The question of quantity of overfire air will vary somewhat, 
depending upon coal characteristics, boiler, furnace, and stoker 
design. The relationships of these factors do not lend themselves 
to mathematical analysis, so that practical experience, together 
with trial-and-error methods, will still play an important part in 
abating smoke, increasing capacity or efficiency. It is hoped, 
however, that further research at Battelle will suggest certain 
fundamental installation features which will clarify some of the 
uncertainty of their application. 

To anyone who has worked around open steam jets, noise is 
their principal objection. The writer has built a number of 
silencers and it has been his experience that ruggedness of con- 
struction is of prime importance. The design used is patterned 
after the automobile muffler and made of pipe. Where efficiency 
of the jet (entrainment ratio) is important, findings show the 
necessity of generous proportioning of the air passages. Ex- 
tending the intake pipe 18 to 20 ft above the boiler-room floor is 
now definitely obsolete practice. 


AuTuHors’ CLosuRE 


The supplementary information given by the discussers forms a 
valuable addition to the laboratory results and the authors 
appreciate the interest shown. 

Although the highest steam pressure available in the laboratory 
was 48 psi, the use of this pressure for the jet-dimension tests 
should not be taken as an endorsement of it for general practical 
use. The penetration tests showed that air quantity and tube 
diameter are the fundamental factors, not steam pressure. Mr. 
Christy’s recommendation of a 75 psi minimum probably means 
that in larger furnaces the quantity of steam required at less than 
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75 psi in order to give adequate penetration is excessive. Mr. 
Kugel’s recommendation of 40 psi minimum, on the other hand, 
indicates that on smaller furnaces, adequate mixing with reasona- 
ble steam consumption is obtainable as low as 40 psi. 

Mr. Gilg has rightly emphasized the great variation of upward 
velocity in boiler furnaces. This condition may defy all simple 
rules for jet spacing and locating. Perhaps it is responsible for 
the seeming anomalous conclusion drawn by Mr. Goetz from 
actual tests that a large nozzle was more effective than a number 
of small ones of equivalent area. Optimum distribution and 


mixing would be expected from the latter if the furnace gases 
were uniform. However, if smoke is occurring in long lanes, 
judicious location of a few large jets could be superior to many 
small ones. 

Perhaps the paper seems obscure regarding constancy of pene- 
tration with varying diameters. 


This was found to apply to 


OCTOBER, 1948 


steam jets at constant pressure and nozzle diameter only. Fig. 13 
of the paper does not contradict this, because there both pressure 
and nozzle were varied. 

Since presentation of the paper the Altoona test data have been 
located through the assistance of W. G. Christy. They are in- 
corporated in a report of the Committee on Smoke Abatement in 
the Proceedings of the American Railway Master Mechanics 
Association for 1913, pages 309-376. The tests were made on a 
switch engine in connection with a study of the use of an arch in 
the firebox. Only one length and diameter of air tube was tried 
in several locations and at pressures of 15 to 125 psi gage. Loca- 
tion above the firing door was recommended as best but no con- 
clusions were drawn regarding pressure or penetration. Based on 
necessarily rough measurements of the air flow to the furnace it 
was concluded that for this service 30 to 45 per cent of the total 
air supplied should be overfire air. 


Heat Transfer and Pressure Drop 


By ELMER S. DAVIS,' NEW YORK, N. Y. 


This paper presents new equations for heat transfer and 
pressure drop in annular spaces for turbulent and laminar 
flow. The equations have been checked against most of 
the data available in the literature and are found to give 
excellent agreement. For heat transfer, the D),/D,; range 
tested is from 1.18 to 6800, and for pressure drop from 
1.0044 to infinity. The heat-transfer and friction factors 
vary with the same powers as the corresponding cases for 
flow inside tubes. The friction equation reduces exactly to 
the conventional equation for flow inside tubes when D, 
approaches zero. For most commercial cases, the new 
equations give higher rates than the equation for flow in- 
side tubes of the Tubular Exchanger Manufacturers As- 
sociation, using hydraulic diameter based on either heated 
or wetted perimeter. 


NOMENCLATURE 
THE following nomenclature is used in this paper: 


¢ = specific heat, Btu per lb per deg F 
inside annular diameter, ft 
D, = outside annular diameter, ft 
D,, Dy = annular characteristic dimensions, ft 
friction factor, dimensionless 
> 
friction, ft-lb per lb = = 
p 
mass velocity lb per hr per sq ft 
= acceleration due to gravity = 32.2 fpsps 
heat-transfer coefficient, Btu per sq ft per deg F per hr 
= exponent, dimensionless 
= dimensionless function (hD/k) (cu/k)~'/* 
= thermal conductivity, Btu per hr per sq ft (deg F per 
ft) 
L = length, ft 
N = exponent in friction equation, dimensionless 
P = pressure drop, psf 
S = spacing, D, — D,, ft 
V linear velocity, fps 
a proportionality constant, dimensionless 
6 = time, hr 
u = viscosity, lb per ft per hr 
My = viscosity at wall, lb per ft per hr 
= density, lb per cu ft 


0.14 
= , Viscosity ratio, dimensionless 


0.26 
a = a) , Viscosity ratio, dimensionless 
My 
INTRODUCTION 


The problem of determining the proper equations to be used 
for heat transfer and for pressure drop in annuli has presented an 
obstacle which has not as yet been adequately solved. Various 
authors have made correlations which are satisfactory over a 
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in Annuli 


limited range of D,/D, for either heat transfer or pressure drop. 
However, all of these equations give rather erroneous results 
when applied to cases beyond the limited range of tests on which 
they were based. 

With one exception, most authors have used some type of 
hydraulic diameter as the shape factor in the equations. Two 
main types of hydraulic diameter have been used. More com- 
monly, the type which defines the hydraulic diameter as 4 times 
the net free area over the wetted perimeter has been used. Others 
have used 4 times the net free area over the heated perimeter. 
One exception to this general trend may be noted in the litera- 
ture, namely, the correlation of Mueller (1)* who has used the 
inside diameter as the shape factor in both the Nusselt and Rey- 
nolds numbers. Many of the correlators have attempted to cor- 
rect for the variation in j with D,/D, by introducing a constant 
in the Dittus-Boelter equation, which took the form of (D,/D,)’. 
These have been satisfactory in explaining a limited set of data 
but have been of no use so far in covering a very extended range. 

Wiegand and Baker (2) have given extensive plots of the data 
in the literature as correlated by the original investigators. The 
reader may examine this excellent paper to see how divergent 
are the individual data. 

Recently, Mueller (1) published data on turbulent flow in 
annuli where the inside pipe was a wire of small diameter. 
His suggested correlation involved a dimensional group and was 
a curved line which, upon extension to higher Reynolds numbers, 
could be made to pass through data obtained by Monrad and 
Pelton (3) on much larger wires by bending the curve still further. 
However, an extension beyond wires led to exceedingly high j 
values in the range of commercial sizes. Moreover, Mueller’s (1) 
suggested correlation is unsatisfactory because of the dimensional 
group mentioned; however, his alternative equation is of 
highly satisfactory form, which is in fact similar to the present 
proposed equation with the powers modified. In this paper, a 
totally dimensionless equation is applied to a very large range of 
D,/D, and is substantiated by the correlation of available pub- 
lished data for transfer at the inner wall of annuli. 

Attempts have been made to correlate pressure drop in annuli. 
However, no satisfactory correlation has covered the entire D2/D, 
range in both the turbulent and viscous regions. In this paper 
an equation is proposed for this also and is found to compare 
favorably with the data available in the literature. 


Heat TRANSFER AT INNER WALL oF ANNULI IN TURBULENT 
FLow 


The equation derived for heat transfer in annuli for turbulent 
flow is 


AD, DG 0.8 +0.14 Dz +0,15 
— = 0.0 — 


This general form was derived by dimensional analysis and the 
powers determined by comparison with the experimental data. 
If the general equation involves D, — D,, D2, and D,, as in the 
correlations of Monrad and Pelton (3), and Foust and Christian 
(4), the value of A will be determined by dependent and independ- 
ent variables since only two of these quantities are needed to com- 
pletely describe the geometry of the system. Mueller’s equation 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fie. 1 Heat TRANSFER AT INNER WALL OF ANNULI IN TURBULENT FLOW 


has only D, and D, for shape factors and is a great step forward. 
It is of the same general form as Equation [1] with the powers 
modified and the range of applicability greatly extended. A 
better correlation of Mueller’s (1) data would be obtained if 
the curve were bent below Re = 100. However, this would be 
only a fictitious improvement since the data are a combination 
of crossflow and annular flow and should not fall directly 
upon the annular line. Fig. 1 shows the agreement between the 
literature cited and the proposed equation. 

It should be mentioned that powers of 0.1 and 0.2 were also 
tried for D,/D,; but 0.15 was found to give the best correlation. 
Obviously, it may be that the power is 0.14 or 0.16, but this is 
impossible to say definitely. The use of D, in the Nusselt and 
Reynolds numbers was decided upon by trying both D,, D:, and 
D, — D, in these groups and finding which gave the most satis- 
factory corrclation. Since transfer occurs only at the inner sur- 
face, the use of D, in the Reynolds number appears reasonable, 
hence leaving the effect of D; solely in the correction factor. This 
will not be true if D,; — D, is used in Re, and when D, becomes 
small, the use of D; — D, or even D, will give an impossible cor- 
relation. The j value varies as the 0.8 power of the Reynolds 
number, as expected, even though the Reynolds number is based 
on D,. The powers of cu/k and of u/pu, are assumed to be the 


same as those in previous correlations. 

The use of (u/u,)*'* in the heat-transfer correlation as intro- 
duced originally by Sieder and Tate (5) is strictly valid only for 
flow inside tubes; however, this group accounts for increased or 
decreased velocity gradients at a heated or cooled wall and should 
be satisfactory even if another wall is placed opposite it as in an 


annulus. The 0.14 power is valid in crossflow, according to 
Sieder (6). It does not seem probable that the presence of an- 
other wall should affect appreciably the velocity gradient at the 
heated or cooled wall. In the case of pressure drop where trans- 
fer occurs at two walls, », should be calculated based on an areal 
weighted yu, for the two walls, The magnitude of (u/u,)®-'* used 
in the data correlated by this paper is 1.1 maximum and has 
only a minor effect on the correlations. 

The data of Mueller (1) for thin wires in annuli do not correlate 
quite as well on this plot as they did on his plot. However, 
Mueller has derived only a special equation for heat transfer, 
due to crossflow and parallel flow over vibrating wires, applicable 
over a limited range, which is of no use over the entire possible 
D:/D, range. Moreover, his alternative curve does not vary 
with the 0.8 power of the Reynolds number which is a fairly well 
established fact in turbulent flow. On the present correlation, 
Mueller’s data fall on both sides of the suggested line. Devia- 
tions from this line may easily be accounted for by the fact that 
wires down to the size of 0.000058 ft diam are used in ducts up 
to 1.717 ft. Under such conditions with gas flow up to 77 fps, 
the magnitude of a turbulent vortex and wire vibration will easily 
be greater than 1 wire diam, which Mueller has confirmed; 
hence producing some crossflow. The fact that these devia- 
tions are largest for the smallest of Mueller’s wires lends credence 
to this supposition. Although the Mueller equation has been 
appreciably altered, it was of great help in determining the final 
Equation [1] of this paper. 

Monrad and Pelton data (3) on a much larger wire correlate 
very well on the proposed line. Monrad and Pelton’s data for 
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commercial sized annuli with water flowing also correlate satis- 
factorily on this line. 

Zerban (7) has presented extensive data on five different sized 
annuli with air flowing. He obtained five different lines for these 
data and made no attempt to correlate on one line. When the 
data are correlated on the Reynolds number of Equation [1], 
they also fall quite well on the proposed line. 

Extensive data have been published by Foust and Christian 
(4) on various sized annuli covering a small D,/D, range. They 
propose modifying the Dittus-Boelter equation by a constant 
equal to 0.0322 D,/D,. They have obtained their water-side 
coefficient from the over-all coefficient by means of a semigraphi- 
cal method. This semigraphical method results in a steam 
coefficient varying from 900 to 2600. The true steam coefficient 
has rarely been found to vary in the 900 to 1500 range, except in 
extreme cases, and in practice it is usually taken around 2500. 
For this reason, an average value of the steam coefficient of 3000 
has been used to recalculate the water-side coefficient in the an- 
nuli. When this was done, the Foust and Christian (4) data were 
found to correlate exceedingly well on the proposed line. Use of 
a steam coefficient from 2000 to 4000 will not produce an error 
greater than 10 per cent and usually of 5 per cent in the recal- 
culated rates. Concerning the proposed equation of Foust and 
Christian, it may be said that rates calculated from this equation 


TABLE 1 HEAT-TRANSFER-DATA CHART 
Source 

and material D “ V Di j 

1 Mueller 0.000058 0.151 2.6 7.4 3.34 0.163 
4 0.00025 11.0 7.4 2.62 0.344 
76.0 49.9 0.825 
7 116.5 7.5 1.00 
0.315 11.3 7.5 2.92 0.365 
9 31.5 20.8 i 0.548 
1.717 11.2 3.77 0.376 
12 0.00042 0.315 19.2 7.5 2.71 0.431 
13 51.4 20.3 0.735 
14 Monrad- 0.00521 0 0885 2110 72 1.53 15.1 
15 Pelton 1790 61 13.7 
16 Air 29 11.0 
17 2100 72 14.0 
18 1580 54 12.6 
1160 39.6 10.5 
20 Water 0.104 0.256 49000 1.81 1.144 180 
26 Outer wall 0.045 0.0843 7500 1.95 1.098 33.3 
29 Inner wall 0.104 0.172 50000 aye 1.078 183 
33 T.E.M.A 0.0833 0.172 24200 50 1.115 74.0 
39 Zerban 0.0875 0.1035 32800 1.025 100 
41 0.0875 0.1243 15500 1.054 56 
44 0.0875 0.1453 35200 1.07 105 
47 0.0875 0.1690 42800... 1.104 151 
48 0.0875 0.2390 35800... 1.162 154 
49 Foust- 0.052 0.0875 6700 0.758 1.08 46 
50) Christian 13600 1.738 73.5 
53 0.0729 0.0875 25600 2.00 1.037 122 
56 62500 5.23 210 
57 0.0729 0.172 7550 0.761 1.138 55.0 
60 Dufinecz 0.104 0.172 111000 x 1.078 353 
61 Marcew _....... 120000 385 
63 4250 37.3 
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are exceedingly high even in the commercial range and would 
be totally absurd when extended down to wire sizes. 

Data presented by Dufineez and Marcus (8) also correlate 
well. All heat-transfer data from the foregoing references are 
given in Table 1. 

If the customary hydraulic diameter is used in the Tubular 
Exchanger Manufacturers Association (T.E.M.A.) (9) chart 31 
for flow inside tubes, a different rate will be predicted from that 
predicted by this equation for annuli. This is done by many 
persons without justification since T.E.M.A. does not claim ap- 
plicability to annuli for its chart 31. Moreover, the deviation 
may be either positive or negative, depending upon the case 
selected. Actually, T.E.M.A. predicts higher rates when the in- 
side of the annulus becomes small or when the spacing becomes 
comparatively small. As the size becomes larger or the spacing 
wider, the T.E.M.A. values become lower than those given by 
the new equation. 

It must be noted that this correlation is for turbulent flow 
only, and the Reynolds number used is in no way intended to be 
a measure of the turbulent or laminar state of flow. This fact 
must be determined by the use of the conventional hydraulic 
diameter before applying the equation just referred to. 

The equations presented here have been tested against most 
of the available data in the literature on heat transfer in annuli 
and found to give a satisfactory correlation over the entire range 
of D;/D, tested from 1.18 to 6800. It is recommended that this 
equation be used hereafter for all annular calculations except those 
where extended surface exists. In the case of extended surface, 
where only a limited range of D;/D, is used commercially, it still 
will be better to correlate experimental data on the hydraulic 
diameter and use the equation thus obtained, over the range only 
for which original data were obtained. The difference in hy- 
draulic diameter, calculated on heated and wetted perimeter, is 
small in these cases, so it is immaterial on which basis D, is com- 
puted as long as consistency is observed. 


Heat TRANSFER AT INNER WALL IN LAMINAR FLOW 


Concerning heat transfer in the laminar-flow region, suffi- 
cient data are not at present available to afford any satisfactory 
correlation. However, the same general form of the equation will 
probably be 


These powers will have to be determined through experiment, 
and at present experiments are being conducted to determine 
them. Conclusive and suffi 2nt data are not available in the 
literature at present to deter’ ne the powers. Jakob and Rees 
(10) have developed this ph se of heat transfer by theoretical 
means. Unfortunately, the actions involved are not very 
simple and but few data av | esented which are not in good 
agreement with the derived “uation. It is hoped that Equation 
[2] may be usable as a my .u0d with commercial applicability. 
Only test data will settle this point. 


Heat TRANSFER AT OUTER WALL IN TURBULENT FLow 


All the previous equations apply to heat transfer at the inner 
wall of the annuli, which is by far the most important commer- 
cial case. When heat transfer takes place at the outer surface, 
some modified equation will be necessary. 

Actually, from the boundary condition that the heat-transfer 
equation must be that for bare tubes when D, approaches zero, 
and from the one set of data of Monrad and Pelton (3) on heating 
at the outer wall of annuli with D./D, = 1.85, it may be pre- 
dicted that the equation will be 
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where n will lie between +0.05 and +0.15 approximately. 
Experimental data for heat transfer in annuli at the outer 
surface are necessary to establish this form and the powers. 
If heat transfer occurs at both walls, the rate at each wall may 
be calculated and the areal weighted-average rate used. 


PRESSURE Drop 
The general equation presented for pressure drop is 


b 
aS, (ds 


where f = +0.2 and b = —0.1 in the turbulent region, and f = 


0,14 
+ land b = +0.Lin theviscous region. Use in tur- 


0.25 
bulent flow, and ¢;: = (+) in laminar flow. 
He 


This correlation, which is shown in Fig. 2, has been tested over 
the range of D,/D, from 1.0005 to infinity where the possible 
range is from 1 to infinity. One of the limiting cases is the case 
where D, approaches D;. This has been found to correlate satis- 


factorily using the data of Schneckenberg (11) on water. The | 


data up to D,/D, of 2.75 correlate well. Beyond this the cor- 
rection factor becomes negligible and the equation becomes that 
of flow inside tubes at D,/D, of infinity. 


The data of Kratz, MacIntire, and Gould (12) for three differ- 
ent annuli have been correlated on this plot. Slight deviations 
from the mean line may be accounted for by the varying rough- 
ness of the different outside pipes used. The data of Zerban (7) 
for friction in smooth annuli have been correlated by taking into 
account the variance in smoothness as shown by the data he gives 
for the round pipes alone. By this means, his data are found to 
correlate well by the proposed equation. 

The data of Atherton (13) on three different sized annuli do 
not appear to be reliable, inasmuch as for the same Reynolds 
number and the same pipe combinations, entirely different fric- 
tion factors are found by the report for air, water, and oil. The 
data on oil in the viscous range seem to be the most reliable and 
correlate fairly well for all annular sizes on the proposed line 
It is to be noted that these are isothermal data. The data of 
Becker (14) on friction of water in thin annuli also have been 
used in establishing this proposed equation. All friction dats 
from the foregoing papers are given in Table 2. 

As D, approaches zero, the proposed equation reduces to the 
equation for friction in round pipes and the proposed curve i 
the same as that generally accepted for flow inside round pipes 
Hence the equation is valid whether the annulus has an inner 
core or not. This means that the slope of the proposed line is 
approximately —0.2 in the turbulent region and —1 in the 
viscous region when plotted against Reynolds number, which: 
are the slopes of the curves for isothermal flow inside pipes. 


{ 
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TABLE 2 FRICTION-DATA CHART 


Source SG Ds Ds ( Ds 

and material Ds—D, Dy— Dy 
1 Schneckebberg 10000 40 1.025 1.43 0.0097 
2 Water 66 1.015 1.52 0.00915 
3 Isotherma 4000-6000 103 1.0097 1.59 0.00955 
4 Kratz, et al 2692 5.13 124 1.176 0.0128 
5 [Isothermal 4520 0.0109 
6 6848 A 0.0099 
7 8240 0.00965 
8 10640 0.00907 
9 12400 0.00895 
10 14000 0.00876 
11 17520 0.00805 
12 3890 2.69 1.59 1.103 0.01165 
13 5350 mae 0.0113 
14 8450 eae 0.00995 
15 10200 0.00982 
16 12600 0.00915 
17 20500 0.06850 
18 3100 0.0119 
19 9160 2.05 1.94 1.074 0.00895 
20 13360 0.00773 
21 20920 0.00705 
22 23360 ame 0.00688 
23 31300 0.00650 
24 3830 0.00955 
25 Becker 4000 14.8 1.073 1.309 0.0115 
26 Water 8000 0.01085 
27 Isothermal! 2500 0.01309 
28 4000 25.8 1.04 1.384 0.0116 
29 6000 0.0112 
30 Zerban 10000 3.38 1.42 1.129 0.00915 
31 ir 20000 0.00740 
32. Heating 3800 0.0124 
33 30000 0 00692 
34 10000 2.51 1.660 1.096 0.00965 
35 40000 0.00700 
36 4800 ry" 0.01096 
37 20000 a 0.00830 
38 15000 2.08 1,93 1.075 0.0085 
39 20000 0.00862 
41 10000 6.50 1.182 1.206 0.00885 
42 20000 0.00710 
43 3000 0.01235 
6000 0.0103 
45 20000 1.48 2.73 1.04 0.00790 
46 40000 0.0068 
47 Schneckenberg 2000 160 1.0063 1.66 0.00723 
48 Water 1000 0.01660 
49 Isothermal 600 0.0241 
50 200 0.0725 
51 Schneckenberg 400 160 1.0063 1.66 0.0386 
52 Water 200 228 1.0044 1.71 0.0648 
53 Isothermal 1000 0.0141 
54 Kratz, et al 644 2.69 1.59 1.103 0.0392 
55 Water 1520 0.0147 
56 Isothermal 1033 0.0217 
57 1680 0.0155 
58 243 5.138 1.24 1.175 0.0693 
59 464 0.0325 
5 ‘ 0.0254 
61 915 0.0159 
62 2000 0.0120 
63 1460 0.0150 
64 1160 0.01280 
65 Atherton 24.3 5.22 1.30 1.175 0.688 
66 (Oi 20.2 0.770 
67 Isothermal 69.5 0.235 
68 132 0.130 
69 274 0.066 
70 764 0.0296 
71 1415 0.0138 
72 218 1.83 2.21 1.062 0.0765 
73 200 0.0807 
74 123 0.116 
75 27 0.45 
76 82 0.155 
77 211 1.57 2.75 1.046 0.091 
78 96 0.210 
79 1172 0.0145 
80 607 0.0389 


Wiegand and Baker give a plot? of a theoretical diameter-ratio 
function to apply to problems of transfer in annuli. The pro- 
posed function drops from 1.5 to 1, over the D,/D; range from 
0.85 to 1, which is in contradiction to much of the data of Becker 
(14) and Schneckenberg (11). Inasmuch as Equation [4] satis- 
factorily correlates their data, it appears desirable to use it 
rather than the theoretical equation. 

It appears that the friction equations obtained for both turbu- 


3 Bibliography (2), Fig. 14. 


lent and viscous flow are highly satisfactory for annuli from 
D,/D, of 1.0044 to infinity and afford much better correlations 
than can be obtained by any other equation available. 


GENERAL CONCLUSIONS 


1 Heat transfer at the inner wall of annuli is correlated by a 
new equation in the turbulent region for D,/D, from 1.18 to 6800, 
the use of which is recommended for the solution of all problems 
in this range. 

2 A tentative equation for heat transfer at the outer wall of 
annuli in the turbulent region is proposed. However, to establish 
it, further tests are required. 

3 Heat transfer in the viscous region is discussed, and the type 
of equation to use in developing a correlation from future data is 
outlined. Tests are now being conducted with this in view. 

4 Pressure drop in annuli is correlated by a new equation for 
both turbulent and viscous flow for the D,/D, range of 1.0044 to 
infinity, and it is recommended that it be used for all cases within 
the range. 
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Discussion 


Max Jaxon.‘ The author has correlated the available experi- 
mental data under turbulence conditions by an empirical formula 
of the type created by Sieder and Tate for tubes. He recommends 
using the same pattern for laminar flow in an annulus and this 
may work as satisfactorily as it does for tubes. With five di- 
mensionless groups as dependent variables and one empirical con- 
stant factor good results are to be expected, and should the free 
convection play a part then the Grashof number will have to be 
used as a sixth dependent variable. 

Referring to the paper of Jakob and Rees,* the author might 
have mentioned that this does not deal with heat transfer at uni- 
form wall temperature over the entire length, but with uniform 
heating or cooling. Theoretically, this is a much simpler case and 
so is the solution. We succeeded in representing the Nusselt 
number as a unique function of the ratio of the radii ri/re; in 
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other words, by one single independent variable compared with 
four suggested by the author, omitting the viscosity ratio which 
we did not need for gases and small temperature differences, and 
which the author would not need either in this case. It must be 
further mentioned that our equations do not contain any em- 
pirical factors. 

In this way we are at the mercy of what the outcome of the 
theory may be, whereas the author’s method allows an adjust- 
ment by the choice of one empirical factor and four exponents of 
his dependables. So it is not surprising that our experimental 
results of the Nusselt number, obtained under unfavorable con- 
ditions, as explained in Part II of the writer’s paper,’ deviate 
considerably (as an average +13 per cent) from the unique value 
required by the theory. Until more experimental data covering 
the cases of uniform heating and cooling become available the 
writer recommends the use of the theoretical formulas and their 
simple graphical representation as given in the Jakob and Rees 
paper.® 

{Mr. Davis, the author of the foregoing paper, died on June 30, 
1943.—Eprror. | 


Creep of Metals at Elevated Temperatures— 
the Hyperbolic-Sine Relation Between 
Stress and Creep Rate 


By P. G. McVETTY,' EAST PITTSBURGH, PA. 


This paper recommends further use of the hyperbolic 
sine to express the relation between stress and creep rate 
at constant temperature. Evidence is submitted to show 
that the commonly used straight-line relation in the log- 
log plot becomes unreliable when extrapolated over a con- 
siderable range into the field of low stresses. Reference is 
made to theoretical considerations in favor of the hyper- 
bolic sine and to tests on a wide variety of materials which 
appear tosupport itsuse. For specificexamples, compara- 
tive curves are shown to illustrate application to creep data 
representing a wrought 18 Cr-8 Ni alloy tested at 1500 F. 
The two methods of extrapolation are compared with 
special reference to their reliability for selection of safe 
working stresses. To stimulate application of the hy- 
perbolic-sine relation to practical problems, a graphical 
solution is proposed, and a chart is given to facilitate 
determination of the required constants from creep tests at 
two or more stresses at the same temperature. 


INTRODUCTION 
Wiens it may appear at first sight to have a very limited 


significance, the most effective use of available creep- 

testing equipment depends largely upon our knowledge 
of the relation between stress and creep rate at a constant ele- 
vated temperature. Accelerated tests of various kinds have their 
place in the preliminary sorting of heat-resisting alloys, but the 
final appraisal is usually based on the long-time creep test. Any 
form of analysis, correlation, and interpretation which reduces 
the duration and requisite number of such tests, releases equip- 
ment for study of new alloys and contributes thereby to the war 
effort. The fundamental basis for such analyses lies in close 
study of known theories and their application to existing test 
data. The practical significance of these preliminary studies 
appears in the formulation of effective testing programs and in re- 
liable appraisal of materials and choice of safe working stresses. 


Factors AFFECTING STREsS - CREEP RaTE RELATIONS 


The use of the creep rate as a measure of creep resistance is 
quite general in applications in which maximum allowable def- 
ormation is the criterion of failure. It is obvious that a rapid 
change of length with respect to time under the combined effects 
of stress and temperature is undesirable, and poor heat resistance 
is indicated. Similarly, a slow length change or low creep rate 
is indicative of good heat resistance. On this basis, there is no 
difficulty in establishing the superiority of certain alloy steels 
over plain carbon steel at high temperatures. When, however, 
the difference is less marked, a fair comparison requires detailed 


! Mechanical Engineer, Research Laboratories, Westinghouse Elec- 
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consideration of the past history of the materials, the conditions 
surrounding the tests, and all that is known about the action of 
similar materials, and laws and hypotheses derived therefrom. 
With this background, appraisals, comparisons, and choice of 
working stresses may be based upon logical analysis; without it, 
conclusions based on creep tests may be misleading and often 
dangerous. 

A detailed discussion of the variables affecting creep tests is 
beyond the scope of this paper; only a few of the contributing fac- 
tors may be mentioned here. One of the earliest concepts of 
creep as a balance between the opposing forces of strain hardening 
and annealing is indicated in Bailey’s definition (1)* of creep as 
“the outward manifestation of the balance in the destruction of 
strain hardening by thermal influence and its recreation by fur- 
ther slip.” The use of the creep rate as a measure of the inte- 
grated effects of these two opposing forces is applicable to an 
annealed plain carbon steel. It is less reliable as a measure of 
heat resistance in the case of other heat-treatments, prior cold 
work, or when other alloying elements are present in appreciable 
amounts. 

Another concept due to Jeffries and Archer (2) is that of the 
“equicohesive temperature.” This would establish a tempera- 
ture boundary above which flow is confined to material between 
the crystals; below this temperature, flow is assumed to occur 
within the crystals by slipping along crystallographic planes. It 
is obvious that the possibility of such a boundary condition may 
introduce a transition from one law of flow to another with 
changes in temperature. Subsequent studies indicate that the 
transition is gradual over a considerable range of temperature. 
Care must be used in estimating temperature effects because tests 
have shown 100 per cent increase in creep rate for a temperature 
rise of as little as 6 deg F. This paper is confined to a discussion 
of the relation between stress and creep rate at a constant elevated 
temperature. 

One of the earliest presentations of stress - creep rate relations is 
that of Norton (3). Test data for a number of different alloys at 
several temperatures indicated a relation of the form 


in which v = creep rate 


= applied stress 


», and n are constants dependent upon the material and the tem- 
perature, and o; is an arbitrary constant with the dimensions of a 
stress. 

The value of this relation is proved by its wide use for many 
years. It was considered the best method of plotting creep data 
at the time of publication of the 1938 Creep Data Book (4). At 
that time, considerable evidence had been collected which indi- 
cated that the power-function relation might not be satisfactory 


* Numbers in parentheses refer to the List of Selected References 
at the end of the peper. 


| 
n 


762 


at lower stresses and temperatures. The problem of distinguish- 
ing between two functions by means of test data was complicated 
by the large effect upon creep rate of small temperature variations. 
Even in tests at the same nominal or average temperature, slight 
differences in cyclic temperature variations have a marked effect 
upon creep when such effects are integrated over long periods of 
time (5, 6). Tests at low stresses and temperatures and corre- 
spondingly low creep rates are slow in producing the data neces- 
sary to establish functional relations over a wide range of creep 
rates. 

It is fortunate that the committee, which compiled the 1938 
Creep Data Book (4), recognized the possibility of other methods 
of analysis. In addition to the log-log plot of stress - creep rate 
relations, all essential fundamental data are recorded also. This 
makes it possible to try other functional relations and to study the 
initial stage of creep. (The latter problem is also of great impor- 
tance but it must be left for discussion at a later time.) This 
book is an ideal source of data for study of functional relations, 
since it represents co-operative investigations in which sixteen 
different laboratories participated. This permits conclusions 
wider in scope than would be possible from studies of data from a 
single laboratory. 

A rather hurried survey of the Creep Data Book (4) indicates 
a total of 364 curves plotted, of which 201 are straight lines in the 
log-log plot, while 163 show a downward trend at low stresses. 
Further examination shows that only 78 of these straight lines 
pass through three or more points, while 123, which pass through 
one or two points, may be considered indeterminate in any at- 
tempt to establish functional relations. This survey indicates 
then that 34 per cent of the 364 curves cannot be used for this 
purpose; 78 or 21 per cent favor the power function; while 163 or 
45 per cent favor some function which leads to more conservative 
stress estimates in the low-stress field than those obtained by 
extrapolation of a power function. 


Tue Hyperso.ic-SiInE RELATION BETWEEN STRESS AND CREEP 
RaTE 


For many years, Dr. Nadai has objected to careless use of the 
power function to express the relation between stress and creep 
rate. This objection is based upon theoretical grounds in addi- 
tion to test data. A summary of his views on this subject was 
published (7) soon after the Creep Data Book (4) and discussed 
further in a subsequent paper (8). The hyperbolic-sine relation, 
suggested by Dr. Nadai, receives strong support from the loga- 
rithmic speed law of Ludwik (9), based upon tests of tin wires, the 
lattice-structure studies of Prandtl (10), and the chemical-rate 
theory of Eyring (11). Further supporting evidence based upon 
tests of single crystals of tin is found in the work of Chalmers 
(12), and upon nonmetallic materials, such as celluloid, in the work 
of Mussmann (13). Investigations at the University of Illinois 
(14) on lead and lead alloys indicate that the hyperbolic-sine rela- 
tion is applicable. 

It has been found, in many cases, that theories derived from 
studies of tin, lead, and similar materials can be applied to heat- 
resisting alloys at high temperatures. This concept of “homolo- 
gous temperatures” proposed by Ludwik has been discussed by 
Nadai (15). The hyperbolic-sine relation has been applied by 
the author to a wide variety of data with good evidence of agree- 
ment. It avoids the objectionable characteristics of exponential 
and power functions at low stresses while retaining desirable ex- 
ponential characteristics at intermediate stresses. It is not 
recommended for the very high strain rates associated with im- 
pact tests, but this is not considered a serious practical objection 
to its use. . 

It is not the intention of this paper to discard the power func- 
tion as a useful relation between stress and creeprate. Reference 
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has been made to the fact that 21 per cent of the 364 curves in the 
Creep Data Book (4) follow such a relation. It has been shown 
by Dr. Nadai (7) that the power function defines the tangent to 
the hyperbolic-sine curve and that, under certain conditions, the 
tangent is a close approximation to the curve itself. One would 
expect therefore that either function would fit experimental data 
over a limited range of stress and creep rate. Under these condi- 
tions, the power function is extremely useful in the mathematica! 
treatment of combined stresses and other problems. It is its use 
for extrapolation to low stresses which leads to erroneous and 
possibly dangerous conclusions. 


DETERMINATION OF CONSTANTS 


The hyperbolic-sine relation was expressed by Dr. Nadai «+ 


follows: 
v = vo sinh (=). 12 


vo = creep rate 


in which 


og = applied stress 


vo and o» = constants dependent upon the material and the 
temperature. 


The problem involved in the application of this relation is one of 
determining the constants vo and oo having given two points, 
t,o, and 02,2; obtained from creep tests at two different stresses. 

To those who had used the straight-line log-log plot for many 
years, a change to the hyperbolic-sine relation presented considera- 
ble difficulty. Any interpolation between stresses or extrapola- 
tion to lower stresses required determination of two constants. 
An approximate method proposed by Dr. Nadai (7) worked very 
well if the known test points fell upon that part of the curve which 
was essentially the same as an exponential. If part or all of the 
test data were in the low-stress region, the assumed exponentia! 
relation did not fit the experimental data. Attempts to solve the 
transcendental equations by trial-and-error methods were quite 
laborious. 

A considerable simplification of the problem is due to R. A. 
Bice who, in 1941, proposed a graphical solution for the hyper- 
bolic-sine constants when two sets of observations of stress and 
creep rate are known. This simplification is developed easily 
from Equation [2] by substitution of the known values of v;,¢; and 


Ve, 
Vo = Go sinh (**) 13 


= vo sinh (2) [4 


Dividing Equation [3] by [4], we have 


For convenience, we may replace the known ratios : by m and 


2 by n and the unknown ratio = by z. 


We have then 


in which the only unknown to be found is z. 
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To explain the graphical solution, we may set up two sets of 
functions 


and 


In Equation [7], n = = is a parameter representing only a 


change in the vertical scale. This is represented in Fig. 1. Simi- 


larly in Equation [8], m = “isa parameter representing only a 
change in the horizontal scale. This is represented in Fig. 2. 
The desired value of z is found from the intersection of the 


particular curve in Fig. 1, in which n = the known = ratio with 


the curve in Fig. 2, in which m = the corresponding known = 


ratio. 
Fig. 3 represents a combined plot of these two sets of functions 


so that the value of z = = corresponding to the intersection of the 
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n= : curve with the m = — curve may be read conveniently 


from the scale of abscissas. As soon asz = = is known, the value 

of oe follows since o, is known. Substitution of oo in Equations 
[3] and [4] gives two values of v which may be averaged. If 
several sets of observations are available, stress and creep-rate 
ratios may be taken in pairs and the resulting constants averaged 
to give the best values. Other methods are possible if time per- 
mits their use. 


The charts proposed by Mr. Bice used * as ordinates and” 

as abscissas, both plotted to Cartesian co-ordinates. The stres- 

ratio was used as a parameter. The shape of the curves and 


their relative positions led to considerable difficulty in interpolat- 
ing actual stress ratios, and it is proposed to rearrange the chart 


as shown in Fig. 3. It will be noted that the quantity ~ is 


plotted as abscissas to a logarithmic scale. When~— = 1, the 
lowest curve represents as ordinates the hyperbolic sine of the 
quantity a also plotted to a logarithmic scale. Using F asa 
go 


parameter, any desired number of stress ratios may be plotted. 


Reference to Equation [5] shows that any known = ratio is 
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represented as a vertical distance from the curve for which > = 


o 
the corresponding stress ratio to the curve for which — = 1.00. 


Several values of — have been plotted as another parameter. 


Reading vertically down from the intersection of corresponding - 
1 


and — curves gives the — ratio from which oo is obtained easily. 


Since it is difficult to interpolate accurately between 2 curves, it 
1 

is desirable to use as many pairs of points as possible and substitute 

back in Equations [3] and [4] for the best value of to. 

The usual method of selecting test stresses leads to a wide vari- 
ety of stress ratios and complicates either the chart or the prob- 
lem of interpolation. A valuable suggestion has been made by 
F. T. Hague. If the A.S.A. Z17.1-1936 American Standard 
Preferred Numbers system is used in assigning test stresses, the 
number of possible stress ratios can be reduced materially. For 
best results, it would be desirable to use exact computed values 
of stress instead of the rounded values normally listed as preferred 
numbers. 


APPLICATION ‘TO CrEEP-Data Book 
It is of interest to illustrate the application of the hyperbolic- 


sine relation to actual creep data and compare it with the com- 
monly used power function. For this purpose, it is convenient 


to use data for a wrought 18 per cent chromium 8 per cent nickel 
steel tested at 1500 F. 


* List of Selected References (4), p. 207. 


The log-log plot? of stress versus creep 


rate and the basic creep data‘ are given in the Creep Data Book. 
From this source, we obtain the following experimental data: 


Stress, psi Creep rate, per cent per 1000 hr 
1500 0.012 
2000 0.025 
3000 0.128 
4000 0.644 


Since creep tests are slow and expensive, it is always desirable 
to obtain as much information as possible from a limited number 
of tests. Under present war conditions, the possibility of check 
tests is curtailed and analyses are based frequently upon tests at 
only two stresses at each temperature. If we consider any two 
of the four available points as known and apply both the power 
and hyperbolic-sine functions to them, it is possible to measure 
the errors at each of the other two points. From four tests, six 
pairs of points may be used. Figs. 4, 5, 6, 7, 8, and 9 illustrate 
this application. In each case, two of the known points are used 
to determine the hyperbolic sine and the power function passing 
through them. The other two stresses are then computed and 
compared with the known values. The error curve above each 
of the assumed functions shows the percentage error involved in 
estimating the stress to produce the two other known creep rates. 
In all cases shown here, the error in the hyperbolic-sine assump- 
tion is less than 5 per cent, while that of the power function 
reaches 78 per cent. 

It is recognized that the measured creep rates may be incorrect 
for various reasons, chief among which are the effect of small 
temperature variations and lack of perfect uniformity among 
test specimens. The data here used have been chosen as repre- 


4 Bibliography (4), p. 217. 
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sentative of a large number of cases to which this comparison has 
been applied. 

To illustrate the application to more extensive test data, Fig. 
10 shows the point-to-point straight-line plot of the Creep Data 
Book,* compared with the hyperbolic-sine curve in which four 
tests are used to determine the constants. The best extrapolation 
of the power function to lower stresses would use the 1500- and 
2000-psi points without any help from the tests at the two higher 
stresses. Extrapolating to 0.005 per cent per 1000 hr and assum- 
ing that the hyperbolic-sine assumption is correct, the power 
function leads to an estimate 8 per cent high. Using other pairs 
of points, the errors of the power-function assumption at 0.005 
per cent per 1000-hr creep rate reach 71 per cent, as shown in the 
dotted error curves of Figs. 4, 5, 6, 7, 8, and 9. The correspond- 
ing errors in the hyperbolic-sine assumption do not exceed 5 per 
cent. 

Another example may be taken from Fig. 4, which might repre- 
sent a steam-turbine application. In this case, the maximum 
allowable creep rate is often taken as 0.1 per cent in 100,000 hr. 
For the purpose of this example, the error due to neglect of the 
initial stage of creep may be disregarded, and we may assume that 
0.001 per cent per 1000 hr is equivalent to 0.1 per cent per 100,000 
hr. Extrapolation by means of the power function leads to an 
estimate of 1260 psi as the stress which would produce this creep 
rate. Application of the hyperbolic-sine assumption to the same 
data leads to an estimate of 306 psi. If we assume that the 
hyperbolic-sine curve of Fig. 10 is the best basis for extrapolation, 
the estimated value of maximum safe stress is 278 psi. The error 


introduced by basing estimates for a steam-turbine application 
upon only two relatively high-stress tests would be 10 per cent 
for the hyperbolic-sine assumption and 340 per cent for the com- 
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monly used straight-line extrapolation in the log-log plot. An 
error of 10 per cent under these unfavorable conditions would 
not be considered excessive, but an estimate 340 per cent high 
would undoubtedly lead to failure in service. 


CONCLUSIONS 


While space limitations permit the inclusion of only a few 
examples, it is felt that these data are representative of an im- 
portant type of practical applications. Further study may show 
that the hyperbolic-sine relation is limited to certain materials 
or to definite stress and temperature ranges. It is obvious that 
some care must be used in its application when test data at only 
two stresses are available. It is not intended as a replacement for 
the power function in all cases. The author considers it the best 
means of interpolation and extrapolation known today for stress 
variation at constant temperature in the field of low stresses and 
creep rates. The chart shown in Fig. 3 is offered primarily tc 
simplify its application to the large mass of creep data now being 
collected, as well as the correlation of existing data. If this 
simplification stimulates study of relations between stress and 
creep rate other than the commonly used power function, this 
paper will have served its purpose. 
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Nadai for the helpful suggestions and criticism which have stimu- 
lated the application of various functional relations to practical 
problems and which, finally, led to the preparation of this paper. 
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Discussion 


K. Hernpiuorer.® The author introduces his paper with em- 
phasis upon “analysis, correlation, and interpretation” of creep 
data. He points out that the knowledge of the relation be- 
tween creep variables obtained by analysis makes existing testing 
equipment more effective. 

To this it may be added that planned experimental study ac- 
companied by a sound theory, such as the modern chemical-rate 
theory, is bound to advance this field more effectively than many 
of the unco-ordinated tests made in the past. A chemical-rate 
theory, successful in many fields, was advanced by H. Eyring. 
It expresses rate (creep) in terms of temperature and pressure 
(stress). This theory leads to the conclusion that the variation of 
creep with stress is represented by a hyperbolic sine, which is in 
agreement with L. Prandtl’s deduction arrived at earlier by in- 
dependent considerations. This hyperbolic-sine law was first 
proposed by A. Nadai as an aid in co-ordinating creep data. 
Because of the fact that the hyperbolic-sine relationship rests 
upon a rational foundation, it should be given preference over the 
empirical functions which have no organic relation to the prob- 
lem. Empirical functions are thus not entitled to the same high 
rating as the relation derived from well-founded axioms. 

It is thus reassuring that the author’s investigation supports 
this view, in favoring the hyperbolic-sine law. Nevertheless an 
important element in the applicability of the rate theory still re- 
mains to be investigated. This important element is the absolute 


5 Research Laboratory, United States Steel Corporation, Kearny. 
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value of the constants which appear in the rate function. Unless 
it is possible to determine these constants by means of measure- 
ments other than creep, the value of the hyperbolic function, de- 
rived from the rate theory is only slightly superior to the purely 
empirical functions such as the power function or parabola. 

A concrete example will clarify this statement. Let us plot ob- 
served creep data, Fig. 11 of this discussion, in ordinary co- 
ordinates, rate being plotted against stress. The four observa- 
tions, based upon tests of record duration (100,000 hr) by E. L. 
Robinson® may be used in this plot; a fifth point, the zero of the 
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co-ordinates, is obtained without effort. If the constants of the 
hyperbolic sine were determinable by independent experiments, 
it would be possible to construct the “theoretical” curve and com- 
pare it with Mr. Robinson’s points. This comparison would then 
decide at one stroke whether the theory is applicable to creep or 
not. 

At the present status of the art, however, we are compelled 
“to lift ourselves by our bootstraps,” e.g., we have no other al- 
ternative than to determine the constants from the information 
contained in any two data and to see how the curve satisfies 
the remaining points. ‘This procedure, therefore, is no different 
from the purely empirical. The fact that the rate theory (hyper- 
bolic sine) is in good agreement with the observations derived by 
the “bootstrap” method is not an ultimate proof of validity. 
A suitably chosen parabola runs so close to the hyperbolic sine 
that the two are almost indistinguishable within the range of the 
experiments. Extension of this range could hardly help matters, 
since on the one hand experimental accuracy is lower in the low 
range, in about the same proportion as the difference between the 
two curves increases; on the other hand, in the high stress range 
a new phenomenon sets in, e.g., acceleration of creep rate, re- 
sulting in an early destruction of the specimen. 

This discussion thus shows the desirability of the independent 
determination of the creep constants as the most important step 
toward solving this difficult problem. The structural sensitive- 
ness of creep suggests that the simple theory might not be ade- 
quate to interpret this phenomenon fully and that refinement or 
even modification might become necessary. 


H. F. Moors.” The writer has applied the author’s method to 
several stress-creep rate diagrams for lead alloys. These dia- 
grams do not follow a straight line on log-log paper but seem to 
be checked fairly well by the hyperbolic-sine relation. 

Of course, it should be recognized that both the log-log method 
and the hyperbolic-sine method are empirical, and it is to be 
hoped someday that we can solve our creep problems in terms of 


*“100,000-Hour Creep Test,’’ by E. L. Robinson, Mechanical 
Engineering, March, 1943, pp. 166-168. 

7 Research Professor of Engineering Materials, University of 
Illinois, Urbana, Ill. Mem. A.S.M.E. 
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physical constants which are more nearly fundamental than our 
present direct measurement of creep and stress. 

Meanwhile, Mr. McVetty’s hyperbolic-sine method seems 
worthy of a careful study, especially in the cases where the some- 
what simpler log-log relation does not seem to be accurate. This 
is especially true in those cases where extrapolation is necessary. 
It is believed that such a procedure is thoroughly justified by the 
old adage, “Do the best you can, with what you have, where you 
are, today.” 


Ernest L. Rorinson.’ This paper presents an admirable tech- 
nique for evaluating the coefficients necessary to describe the rela- 
tion between stress and creep rate by means of the hyperbolic-sine 
formula. As the author shows, in many cases, the formula repre- 
sents actual behavior much better than a straight line on log-log 
paper. It fits particularly well the four 1000-hr constant-stress 
tests on 18 per cent chromium 8 per cent nickel steel at 1500 F, 
which the author quotes from the Creep Data Book.* Wisely, 
he does not claim any great generality of application, nor does he 
attempt to mark out a field of usefulness throughout which this 
rule could be depended upon. 

However, to make effective use of such a rule in reducing the 
number of constant-stress tests required, it would be necessary 
to know in advance under what circumstances the rule holds 
good. 

In the writer’s opinion, a large number of low-alloy steels in the 
temperature range from the point at which creep is just percep- 
tible up to around 900 F are best represented by a straight line on 
the log-log paper. At somewhat high temperatures these ma- 
terials show a tendency to creep more rapidly at the lower 
stresses indicating some break in the line. Frequently, a new 
trend is established. In such cases it may very likely be that the 
hyperbolic-sine curve will give a better representation of the data 
than two straight lines with a knee. 

It would also be desirable to outline the conditions under whic! 
constant-stress tests comply with the proposed rule. The author 
applies the rule to the analysis of creep rates at the end of 1000-hr 
constant-stress tests. A different rule would undubtedly be re- 
quired to describe the relation between rate and stress under a 
different specified condition. 

For example, the writer has presented® the results of a series o! 
four 100,000-hr constant-stress creep tests. It seemed possible in 
this case to represent quite a variety of relationships by straight 
lines on the log-log plot. At the end of 2000 hr, one line described 
the relationship between stress and rate. A-very different line 
represented the relationship at the end of 100,000 hr. A third 
line represented the relation between stress and rate for the mini- 
mum rate measured on each bar. It would be entirely possible to 
draw a hyperbolic-sine curve en this plot and then describe the 
required time or extension or both occurring in each bar to render 
the hyperbolic-sine rule valid. 

Generally, when creep tests are run under relaxation conditions 
with a specified total elastic-plus-plastic extension maintained con- 
stant, a quite different relationship is observed between stress and 
creep rate than at the end of a specified time at constant stress. 
Here again at the more moderate temperatures the low alloys 
show a straight-line relationship but very much less steep than is 
given by constant-stress tests. At somewhat higher temperatures 
there is often a tendency for relaxation to proceed a little more 
rapidly than the straight-line relationship would indicate, and 
thus there may be a utility for the hyperbolic-sine rule under 
such circumstances, but it would be necessary to use a different 
set of coefficients from those which represent constant-stress 
behavior. 


* Turbine Engineering Department, General Electric Company, 
Schenectady, N.Y. Mem. A.S.M.E. 
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Another type of behavior is typically presented in a paper by 
S. H. Weaver’ on the creep strength of carbon-molybdenum steel. 
The results of these tests at 900 F are well represented by straight 
lines. However, at 1000 F a broken line is usually required to 
describe the results. If this broken line is just a single change of 
direction, it is possible that a hyperbolic-sine curve might also be 
adequate as a representation of the results. However, in some 
conditions this material shows a behavior which can only be repre- 
sented by a jagged stroke-of-lightning-shaped line. Above and 
below a certain creep rate there appear to be two well-defined 
straight-line relationships. These are connected by a jagged off- 
set, and it does not seem possible to represent such behavior 
easily by any analytical method. 

With regard to the most effective use of high-temperature 
creep-test equipment, the writer is of the opinion that more useful 
information can be obtained by testing a single bar under 
step-down or relaxation conditions than from any other type of 
creep test. There does not seem to be any simple relationship be- 
tween the relaxation test and the constant-stress test, but, with 
a givea amount of equipment available, the largest amount of re- 
liable comparative data can be obtained by testing single bars at 
successively lower loads under carefully defined conditions of ex- 
tension. 


AUTHOR’s CLOSURE 


Dr. Heindlhofer’s suggestion of a more fundamental study of 
the problem is worthy of further consideration. We have been 
much interested in the chemical-rate theory and its possible 
application to stress-creep rate relations. Reference may be 
made to a paper! on this subject, based on work at the Westing- 
house Research Laboratories a few years ago. The develop- 
ment of the fundamental background requires many carefully 
conducted tests of each material in addition to the conventional 
type of creep tests. The general hyperbolic-sine relation de- 
veloped by Eyring and his associates requires measurement of 
energy and entropy of activation, and the true value of the shear- 
ing stress which acts on the unit of flow. This unit may be a 
single molecule or a group of many molecules, and some prac- 
tical difficulties in measuring the unit shear stress and the area on 
which it acts may be anticipated. 

The chemical-rate theory was originally applied to the flow of 
ordinary liquids for which case application is simplified by 
measurement of the coefficient of viscosity. When applied to 
the plastic flow of crystalline solids, allowance must be made for 
the simultaneous action of widely different mechanisms of flow, 
and the dependence of the constants upon time and total strain. 
Consideration must be given also to Kanter’s suggestion that 
stress may affect the entropy of activation. The many variables 
involved in this fundamental study require correlation with care- 
fully conducted creep tests to insure that the necessary assump- 


* “The Effect of Carbide Spheroidisation Upon the Creep Strength 
of Carbon Molybdenum Steel,” by S. H. Weaver, Proceedings 
A.S.T.M., vol. 41, 1941, pp. 608-628. 

10 “Flow of Solid Metals From the Standpoint of the Chemical-Rate 
Theory,”” by Walter Kauzman, ‘Metals Technology,” A.I.M.M.E., 
vol. 8, June, 1941, technical publication No. 1301. 
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tions are applicable to the complex structures found in heat- 
resisting alloy steels. 

The proposal to combine several fundamental factors into two 
easily determined empirical constants is similar to the use of the 
coefficient of viscosity to simplify application of the chemical- 
rate theory to the flow of liquids. Under present restrictions in 
the use of available equipment and personnel, an empirical 
relation may have practical value for use until the more complex 
fundamental relations have been explored. 

Professor Moore’s application of the proposed method to 
existing creep data for several lead alloys indicates what can be 
done to review previously determined stress-creep rate rdlations. 
We now have a considerable amount of published data on a wide 
variety of metals and alloys. In most cases it has been assumed 
that a parabolic type of power function expresses the relation 
between stress and creep rate for purposes of interpolation and 
extrapolation. A review of this material will permit a com- 
parison with the proposed hyperbolic-sine function in many prac- 
tical applications. If our experience is confirmed by this review, 
the appraisal of available alloys and the choice of working 
stresses will be affected. 

Mr. Robinson’s statement that we must know in advance which 
function to use for extrapolation to low stresses presents a serious 
problem to those who have accepted the power function without 
question. Under the usual condition that tests are conducted 
at stresses higher than working stresses, extrapolation of the 
power function represented by the straight-line log-log plot to 
lower creep rates always gives higher stress estimates than are 
obtained from similar use of the hyperbolic sine. For the 
determination of safe working stresses, it would appear that the 
hyperbolic-sine relation should be used if there is any doubt as 
to which of these two functions is applicable. 

The use of creep rates measured at the end of 1000-hr tests 
was necessary to make a comparison with the log-log plots used 
in the Creep Data Book. We prefer to use minimum creep rates 
under conditions which give approximately constant rate over a 
large part of the life of the material in service. This subject was 
considered beyond the scope of a paper comparing two functions, 
and reference is made to a more general discussion of the inter- 
pretation problem in a recent A.S.T.M. paper." 

Mr. Robinson’s recommendation that the step-down or re- 
laxation type of test on one bar take the place of constant-stress 
tests on several bars is not supported by our experience. The 
step-down test may be adapted to bolting problems, but creep 
recovery after each stress change prevents reliable measurements 
of creep rate in the relatively short time at each of the successively 
lower test stresses. In the true relaxation test, the stress decre- 
ment is reduced to a minimum, and no direct measurement from 
this test is comparable with the minimum creep rate for a given 
combination of stress and temperature obtainable from the 
constant-stress test. Under these conditions, relaxation is 


related to the first stage of creep rather than to the second stage 
in which creep rate is approximately constant. 


11 “Interpretation of Creep Test Data,”’ by P. G. McVetty, pre- 
sented at the Annual Meeting of the A.S.T.M., Pittsburgh, Pa., 
July 1, 1943; Figs. 4 and 5. 
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Rate of Ice Formation 


By A. L. LONDON! anp R. A. SEBAN? 


A general approximate method for the solution of the 
freezing problem is presented with applications to ice for- 
mation at spherical, cylindrical, and plane boundaries. 
The degree of approximation is investigated, and the re- 
sults of the analysis are indicated to be of satisfactory ac- 
curacy for the solution of engineering problems. Utiliza- 
tion of the analytical results in the prediction of freezing 
times for actual systems produces good agreement with 
quoted performance. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


C; = ice thermal capacity at time r, Btu per sq ft per deg F 
c¢ = ice-uait thermal capacity, Btu per lb per deg F 
d( ) = differential operator 
ho = unit conductance to surroundings at temperature t 
(below the freezing point), Btu per sq ft per deg F 
per hr 
h, = unit conductance for thermal convection from liquid 
body to growing ice surface, Btu per sq ft per deg F 
per hr 
k= unit thermal conductivity of ice, Btu per hr per sq ft 
(deg F per ft) 
L = latent heat of fusion of ice, Btu per lb 
log = logarithms to natural base 
q = unit thermal current, Btu per per sq ft per hr, Btu per 
ft per hr, Btu per hr for slab, cylinder, and sphere, 
respectively 
r = radial position of growing ice surface (sphere or 
cylinder), ft 
R = unit thermal resistance, (hr sq ft deg F) per Btu, (hr 
ft deg F) per Btu, (hr deg F) per Btu for slab, 
cylinder, and sphere, respectively 
te = temperature of surroundings (freezing-point datum), 
deg F 
t; = temperature of liquid (freezing-point datum), deg F 
t = temperature (freezing-point datum), deg F 
xz = position of growing slab-ice surface, ft 
« = difference functions defined by Equations [22], [23], 
{25], and [26] 
o = ice density, lb per cu ft 
r = time, hr 
@ = functional relation 


= = denotes approximate equivalence 
Dimensionless Moduli: 
= = coefficient indicating significance of capacity effect 
(Equations [25] and [26]) 


«, € = difference functions, defined by Equations [22] and 
{23} 
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r* = r/ro, a generalized radial position employed for 
cylinder and sphere problems 


h of h Lo 
R* = = k” generalized surface resistance 
t h 
Rttt = (- ) (3: ), generalized potential-resistance ratio 
0 


—tok 
r* = (S*). generalized time employed in cylinder 
pLry 


and sphere problems 
—toho? 
rt = ( pry )p generalized time employed in slab prob- 
lem 
r* = 2£/x9 generalized position employed in “double-slab” 
problem 
h.x/k generalized position employed in slab problem 


xt 
INTRODUCTION 


The problem of ice formation in liquids in contact with boun- 
daries of various geometries has received but little attention in the 
literature. Ingersoll and Zobel (1)* present an approximate solu- 
tion for slab-ice formation on the surface of the liquid at the 
freezing temperature, with the free-surface temperature constant. 
Perkeris and Slichter (2) derive an approximate solution for the 
rate of ice formation on the outside of a cylinder for liquid at the 
freezing point and infinite surface conductance at the inside 
cylinder surface. In this solution, the inside surface temperature 
may be any function of the time. Elmer (3) derives a similar ex- 
pression for the rate of ice formation on submerged pipes. Other 
more exact solutions for slab-ice formation are available (1), but 
these are of considerable complexity and limited to a constant 
free-surface temperature. A new consideration of the problem 
in general with emphasis on approximate solutions of such form 
as to be readily applied to typical problems therefore seems 
appropriate. 

The objectives of this paper, then, are to accomplish the fol- 
lowing: 

1 Describe a general approximate method of analyzing the 
problem of freezing in liquids bounded by surfaces of various 
geometries. ‘Freezing’ is hereafter called “ice formation’ but 
the generality of the method will be apparent. 

2 Present solutions for the rate of ice formation for boundary 
geometries which are of significance in applications, i.e., cylinders, 
spheres, plane surfaces. These solutions are presented alge- 
braically and graphically and are expressed in terms of dimen- 
sionless variables. 

3 Estimate the degree of approximation of these solutions. 

4 Illustrate the application of the approximate solutions by 
specific applications in ice manufacture and quick freezing of food 
products. 


Meruop or ANALYSIS 


Description of Idealized Systems. Fig. 1(a) reveals the tem- 
perature conditions in an ice layer on the surface of a liquid which 
is uniformly at the temperature of freezing. Ice formation occurs 
at the solid-liquid interface as a result of heat transfer through the 
ice to the surroundings at temperature f) (—t) deg F below the 
freezing point). This thermal current flows through the ice by 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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(a, Temperature conditions during ice formation. 6, First idealized 
system and thermal-circuit re c, Second idealised system and 
thermal-circuit representation.) 


conduction and from the ice surface to the surroundings by con- 
vection. The ice layer is subcooled except for the growing sur- 
face, which is in contact with the liquid at the freezing tempera- 
ture. 

As a first idealization, the thermal-energy abstraction in sub- 
cooling the ice may be considered as negligible relative to the 
latent-heat-of-freezing requirement. Then the thermal circuit 
of the system in Fig. 1(a) may be represented as in Fig. 1(6). In 
this circuit, the thermal current g (Btu per sq ft per hr), required 
for freezing, passes through the resistance of the ice layer Ry = 
z/k (hr sq ft deg F) per Btu which is variable, depending upon the 
thickness z of the layer, and then through the resistance Ry = 
1/h) (hr sq ft deg F) per Btu for the convective transfer of this 
current to the cold surroundings at temperature t& (below the 
freezing point). 

In this and succeeding developments, the ice thermal properties 
p, k, ec are considered as constant and all temperatures are re- 
ferred to the freezing point as the datum (Table 1). 

The first idealized system and thermal circuit as described can 
be analyzed by elementary methods, and the resulting rate of 
formation is descriptive of that occurring in the actual system, 
providing the idealization of negligible thermal-capacity effect 
is valid. The magnitude of the thermal-capacity effect may be 
determined by a comparison of this first idealized system to the 
second idealized system, which considers the capacitance of the ice 
as lumped at the center of the ice layer, as shown in Fig. 1(c). 

In this second system, the ice thermal capacitance C; = per Btu 
per sq ft per deg F depends upon the thickness x of the layer. 
The other circuit components are the same as those defined for the 
first idealized system. In this circuit, Fig. 1(c), the thermal cur- 
rent gq: convected to the surroundings is in excess of that required 
to maintain the rate of freezing gq, by the amount of thermal- 
energy abstraction required to subcool the ice. 

Comparison of the solutions for the first and second idealized 
systems, Figs. 1(b) and 1(c), would provide a direct method of 
estimating the error introduced by neglecting the capacity effect. 
This, however, cannot be accomplished simply, and, as a conse- 
quence, the solution for the first system is employed to evaluate 
the terms of the differential equation describing the behavior of 
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the second idealized system (see Appendix). The application 
of this method indicates that the first idealization yields results 
of sufficient accuracy for most engineering applications. 

Cylindrical-Ice Formation. The first problem to be analyzed 
is that of ice formation in the direction of decreasing radius within 
a cylindrical boundary (right circular cylinder). The liquid is at 
the freezing point. Fig. 2 shows the system and the thermal 
circuit (the capacity effect is neglected). This circuit is similar to 
that for the slab of Fig. 1(b) except that the ice resistance R; = 
(log ro/r)/2xk (hr ft deg F) per Btu is for a unit length of the 
cylinder, and the surface resistance Ro = 1/(2x7oho) (hr ft deg F) per 
Btu is similarly expressed. 

The rate equation for the thermal current q (Btu per hr per ft of 
length) flowing through the resistances offered by the ice and the 
surface, ucting in series, as a result of the temperature potential 
drop is 


This thermal current q¢ provides the extraction of the latent heat 
of fusion necessary for freezing at the surface r 


dr 


dr . 
where --2xr — is the volume rate of ice formation at the growing 


dr 
surface, cu ft per hr per ft, and pL, the latent heat of fusion, Btu 
per cu ft. 
Combination of Equations [1] and [2] to eliminate the therm: i! 
current q provides the differential equation expressing radius » 
as a function of time r 


dr 
al — = —t,/ + 
2xpLr de oak + {3 


This equation may be readily arranged in the following dimen- 


sionless form, employing generalized radius r*, resistance R*, and 
time 7* 


1 
i) r*dr* = —dr* .......... [8a] 


The boundary conditions which will be considered as obtaining 
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Thermal-circuit representation, and ee results of the analysis, Equa- 
tion [10].) 


are | 
at =O, r | 
or =0, r*=1 | [4] 
and for f 
or = = 


For these conditions, the solution of Equation [3a], obtained by 
elementary methods, becomes 


1 
r* = + +1) 


= o(r*, R*) 


In this equation r* 2 1. 

This result is plotted in dimensionless form as r* 

employing R* as a parameter, Fig. 2. 
The time for complete solidification (r* 

mined from Equation [5). 


+ ‘) [6] 


versus r* 


= 0) may be deter- 
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(Thermal-circuit representation, and 1 hical results of the analysis, Equa- 
tion [9].) 


Fie. 6 Stas-Ice Formation 


(Thermal-circuit representation, and ce results of the analysis, Equa- 
tion [16].) 


The solution of cylindrical-ice formation in the direction of 
increasing radius can be developed in a similar manner as 


In this equation r* S 1. This solution is similarly plotted in 
dimensionless form as r* versus r* employing R* as a parameter, 
Fig. 3. 

Spherical-Ice Formation. For spherical-ice formation in the 
direction of decreasing radius (r* = 1), the method of analysis 
parallels that employed for the problem of cylindrical-ice forma- 
tion. In this problem, however, the resistance offered by the ice 


is 
R; = (: 
To 


and the surface resistance 


= 


The resulting differential equation in dimensionless form is 
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Here the generalized variables are identical in form to those pre- 
viously employed. The boundary conditions obtaining are taken 
as 


at r* = 0, r* = 1 
and at = = r* 
The resulting solution then assumes the form 
1 
t= (1 — r*3) + 3 (1 — r*4)......[9] 


where r* 2 1. 
The solution for spherical-ice formation in the direction of in- 
creasing radius, r* S 1, assumes the similar form 


These expressions are represented graphically in Figs. 4 and 5 
where the generalized radial position r* (dimensionless) is plotted 
versus the generalized time r* (dimensionless) employing the 
generalized resistance R* (dimensionless) as a parameter. 

Slab-Ice Formation. The solution for slab-ice formation is de- 
veloped more generally in that the liquid body is considered as 
existing at a constant temperature ¢, in excess of the freezing 
point, and thus some heat transfer occurs from the liquid to the 
growing ice surface through the liquid surface resistance R,. 
This system is illustrated in Fig. 6 with its corresponding idealized 
thermal circuit. 

In this system the thermal current g, (Btu per sq ft per hr) is 
the heat transfer by thermal convection from the liquid body at 
temperature t,; (above the freezing point) to the growing ice sur- 
face at the freezing point, through the resistance R, = 1/h, (hr 
sq ft deg F) per Btu. The rate equation for this transfer is 


The thermal current q is the heat transfer by conduction from the 
growing ice surface through the ice layer of resistance R; = x/k, 
and thence by thermal convection from the free ice surface to 
the surroundings at & (below the freezing point) through the re- 
sistance Ry = 1/ho (hr sq ft deg F) per Btu. The rate equation 
for this transfer is 
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= —b, (R; T Ro). {12} 


From energy-balance considerations, it may be concluded that 
the thermal current q, is in excess of g. by the current required for 
the rate of ice formation dz/dr. Thus 


Equations [{11, 12, 13] may be readily combined to eliminate 
the thermal currents g; and g.. The resulting differential equs- 
tion, expressed in dimensionless form, becomes 


(1 + xt)dzt 
—(ttRt)(1 + zt)'+ 1 


where the dimensionless variables are defined in the nomencla- 
ture. The assumed boundary conditions are 


at rt = 0, wale 
at tt = rt, zt = st 


For these conditions, the solution of Equation [14] becomes 


For the special case when the liquid body is at the freezing point 
(Fig. 1) Rttt = Oas t, = 0, so that the differential Equation [14 
reduces to 


[14a 


and the solution is 


—1 + V1 + 


These results are shown graphically in Fig. 6, where the generai- 
ized thickness zt is plotted versus the generalized time rt em- 
ploying the generalized potential-resistance ratio 
parameter, 

Comparison of Slab-, Cylindrical-, and Spherical-Ice Formatio. 
The foregoing solutions for cylindrical, spherical, and slab ice 
formation, with the liquid body at the freezing point, may be 
compared graphically. For this purpose, the slab solution, 
Equation [16a], is rearranged in form to comply with the ‘‘double- 
slab’”’ nomenclature shown in Figs. 7 and 8 
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for r* = 1 and 


(vi 1) 


(z* —1) = R* 
for | where 
Jo k Lpxo? 


In this form, the dimensionless groupings for the slab system be- 
come comparable to those employed for the spherical and cylin- 
drical problems. These solutions are compared graphically for a 
common magnitude of R* = hox/k, horo/k = 3; in Fig. 7, for z*, 
r* 2 1, and in Fig. 8, forz*,r* S 1. 

Surrounding Temperature a Function of Time. All the previ- 
ously developed results are for the special case of the ambient 
temperature t&, constant as well as constant-surface conductance 
hy. However, the differential Equations [3a], [7], and [14] 
(written with t, ho outside the differentials) apply as well to the 
problem of t, a function of time. For the problem of hy constant 
and &, some known function of time (but always less than the 
freezing point) Equation [14] may be written in the form 


o(x)dx = $(r)dr 


where @ denotes a functional relation. The other differential 
equations may be similarly expressed. Thus, for given boundary 
conditions, it is readily possible to integrate these equations either 
graphically or analytically to obtain solutions for the more general 
problem described. 


APPLICATIONS 


Can-Ice Manufacture. The time of freezing of water, con- 
tained in ice cans in the process of ice manufacture, maf be deter- 
mined from the solutions which have been presented. The 
standard ice can has dimensions of 11 in. X 22 in. X 50 in., with 
| in. side taper. These cans are immersed in brine having a 
temperature of about 10 F. Further system details and perform- 
ance data may be obtained from the A.S.R.E. Data Book (6). 

For analysis, the actual ice can is considered as an “equiva- 
lent” cylinder having the same cross-sectional area. End effects 
are neglected. Equation [6] gives the time of freezing of such a 


eylinder 
Lpro? 1 1 
rs = 0.706 ft for equivalent cylinder 
ty) = —22 F brine temperature (below freezing) 


ho = 40 Btu per sq ft per deg F per hr, unit surface conductance 
at cylinder, including resistance of metal-can wall 


Magnitudes of k, p, L are given in Table 1 


THERMAL PROPERTIES OF ICE¢ 


(Averaged 0 to 32 F) 


TABLE 1 


Unit heat capacity, c, Btu per deg F per lb.................. = 0.487 
Thermal conductivity, k, re hr ve sq ft (deg F per ft).......... 1.34 
Latent heat of fusion (at 32 F), L, Btu per Ilb................... 143.4 


* Bibliography (4) and (5). 


From these data and Equation [6], the time of complete freezing 
is 88 hr. At this rate 10.6 cans (300 lb per can) will be required 
per ton of ice-making capacity, which compares favorably with 
actual performance (6). 

Similar calculations for various surface conductances yield the 
following results: 


30 40 60 100 


10 20 
Tre — 0 47.9 41.3 39.1 38.0 36.8 36.0 34.6 
Causperton 13.3 11.5 10.9 10.6 10.2 10.0 9.8 
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Circulation of the brine to produce higher surface conductances is 
effective in increasing the rate of freezing until conductances 
of about 40 have been obtained. With zero surface resistance, 


h, = oo, the freezing rate is only 8 per cent greater than with 
hy = 40. 
Flakice. Ice is produced in this process on a flexible rotating 


drum partially submerged in water. The cylinder is internally 
refrigerated with a brine spray. Ice formed on the exterior sur- 
face is peeled off as the revolving-drum surface emerges from the 
water (7). Data (7) are presented (Fig. 9), indicating the varia- 
tion of thickness of ice layer with time of immersion. By means 
of the solution developed in this paper, a comparison of pre- 
dicted and actual thickness is accomplished. Assumed operating 
conditions are as follows: 

Brine temperature, 4) = —20 F (below freezing). 

Water liquid temperature, t, = 8 F (above freezing). 

Surface conductance, including metal-wall resistance, hy = 100 

Btu per sq ft per deg F per hr. 
Liquid conductance, h, = 10 btu per sq ft per deg F per hr. 
Equation [16] defines the thickness of the layer as a function of 


time 


= 0. 
ho ( — b) = 


zt = = = 74.52 

The magnitude of z ranges from 0 to 0.02 ft and Rtt¢zt from 0 
to 0.06; therefore, the second term in the argument of the 
logarithm is small relative to 1, and the first two terms of the power 
séries expressing the logarithm serve to evaluate the function 
with satisfactory accuracy. Then 


(Ritt)? — Rtzt 2\1 — Ritt (Rttt) 
zt? + zt 
2(1 — (1 — Rett) 
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so after substitution of numerical magnitudes 


= 4.282 + 167z? 


This equation is represented graphically, together with the simi- 
lar equation for ho = 150 and h, = 15 Btu per aq ft per deg F per 
hr, and actual test data as given in (7), Fig.9. The agreement is 
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not too satisfactory, but this may be partially accounted for by 
the possibility that the metal wall is considerably subcooled be- 
fore contact with the liquid, which induces an initial rate of 
freezing higher than predicted by the ideal system analysis. 

Tube Ice. A process for manufacturing ice in granulated form 
utilizes freezing of water flowing in small vertical tubes (8). The 
tubes in which the freezing occurs are 1.75 in. ID. Evaporation 
of ammonia on the exterior of the tubes (shell-and-tube-type 
evaporator) produces the refrigeration. The ammonia pressure 
is 30 psig (saturation temperature 17 F), and the liquid tempera- 
ture is chosen at the freezing point (t, = 0). 

The freezing time may be computed in the same manner as 


used for can ice 
pL To? 


The unit surface conductance, ammonia condensing on vertical 
metal tubes, and including metal-wall and scale resistance, is 
estimated as ho = 400 Btu persq ft perdegF perhr. ro =0.0729 
ft, = —15F. 
Then 

T+ = 0.59 hr = 35 min 


The quoted freezing time for a unit of this type is 37 min (8). 

Freezing of Foods. The time required for freezing foods may be 
determined from the solution for the time of complete freezing, as 
given for the various geometrical shapes. Perry (6) has investi- 
gated the freezing time of cylinders of salt gels, simulating foods, 
inanairstream. The airstream had a temperature of & = —28F 
(below the freezing point) and a velocity of 14.17 fps. Freezing 
times for the cylinders, as determined experimentally (6), are as 
follows: 


Cylinder 
diam, in. min 
2.7 80 
38 
0.7 22 


Unit film conductances hy are determined from the equation h = 
0.026 G®.6/D°.4 (reference 9), and the times for complete freezing 
are determined by Equation [6]. The results of this calculation are 
as follows: 


Cylinder 
diam, in. he T* = g min 
1.7 8.7 87 
10.4 46 
0.7 12.5 23 


The foregoing times are comparable to the freezing times as 
obtained experimentally. 

An analysis of this type may be used to determine the effect of 
size, air temperature, and air velocity upon the time of freezing 
for specimens of various shapes, as well as to provide a qualitative 
basis for extrapolating performance to changed operating condi- 
tions. 

SUMMARY AND CONCLUSIONS 


1 A general method of idealizing the ice-formation system 
is described. 

2 The resulting solutions are presented for ice formation con- 
forming to the several geometric boundaries: slab, sphere, and 
right circular cylinder. 

3 An analysis of the degree of approximation introduced by the 
idealization of negligible capacity effect indicates that the resulting 
solutions are sufficiently accurate for most engineering calcula- 
tions. The neglect of ice thermal capacity introduces no greater 
error than the uncertainty of the correct magnitude of the unit 
thermal conductivity k. 
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4 Application of the ideal system solutions to several specific 
problems of engineering significance serves to indicate substantial 
agreement with actual performance, as quoted in the references. 

5 Data obtained under carefully controlled conditions would 
be welcomed, as it would allow further substantiation of the analy- 
sis presented herein. 
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Appendix 


EsTIMATION OF ERRORS 

To provide an estimate of the magnitude of the error intro- 
duced by the neglect of the ice thermal capacity, the second ideal- 
ized circuit, Fig. 1(c), which includes a “lumped” ice capacity, 
will be considered. 

Fig. 1(c) compares qualitatively the temperature distributions 
for the two systems. As can be seen, the current resulting in 
freezing 9: for the second system, associated with the temperature 
gradient at the growing ice surface, is less than the corresponding 
current qg for the first system, which does not include the capacity 
effect. Similarly, the thermal current g, to the surroundings 
(which exceeds gq; by the rate of decrease of energy storage associ- 
ated with the lumped ice capacity C;) is greater than q for the first 
system. 

The differential equation, describing the behavior of the second 
system, will be derived. The rate equations for the thermal 
currents g; and gz are, respectively, Fig. 1(c) 


R, 
= —t,/ [18] 


By energy-balance considerations, the thermal current gy is re- 
lated to the freezing rate dx/dr by 


while (gq: — g:) is equal to the decrease of energy storage in the 
thermal capacity C; 


d 
(a: — @) = — {20] 
ir 


These equations may be directly combined so as to eliminate q,, 
qx, and t,. The result is expressible as 


q2 q D 


(R; + Ro) +R) 6k dr? 


This differential equation of the second order is nonlinear, and a 
direct solution for comparison with that for the first system 
(Equation [16a]) has not been obtained. However, it does pro- 
vide the basis for quantitative conclusions as to the magnitude of 


the difference in the rate “ for a given thickness z, and the differ- 
T 


ence in the thickness for a given time 7. These conclusions sre 
accomplished by associating the terms in Equation [21] with the 
thermal currents qg and g; (freezing currents for the first and second 
system, respectively) for the same ice thickness z, as shown in 
Figs. 1(b) and 1(c). 
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Fic. 10 DirreReNcE FuNCTIONS 


(Approximate comparison of first and second idealized systems, Equations 
(22, 23, 25, 26].) 


The first term in Equation [21] is equal to the freezing current 
q: (Equation [19]), while the second term —t/(R,; + Ro) is equal 
to the freezing current which would obtain were the capacity 
effect nil. Thus 


q = —b/(R; + Ro) 


This conclusion results directly from a consideration of the ther- 
mal circuit, Fig. 1(b). Evidently, the third term D represents 
the difference in the freezing current as a result of the capacity 
effect. This quantity is proportional to the difference in tem- 
perature gradients at the growing ice surface for the first and 
second idealized systems, as shown in Fig. 1(c). 

As (q — 42) is proportional to the difference in the freezing 
rates for the two systems, the ratio 


q—@ termD 
q q 


for a given thickness z may be employed as an expression of the 
percentage difference in the freezing rates. Similarly, the relation 


e.gdr 
0 


expresses the percentage difference in the thickness z in the given 
time interval 0 to r for the two systems. It will be demonstrated 
that «, and «, are small magnitudes, and the result provides the 
conclusion that the idealized thermal circuit which neglects the 
thermal-capacity effect adequately approximates the behavior of 
the actual ice system. 

The term ¢, may be expressed as 


R; p*Le\| 2? dr \* 


The derivatives are for the second system; however, to the first 
approximation, the magnitude of dz/dr may be taken from 
to dz 


[24] 


where R; = 2x/k. 
This approximation is conservative, as will be demonstrated. 
The substitution of dx/dr and d*z/dr* from Equation [24] into 


the expression for ¢; results in a relation which may be rearranged 
to the following dimensionless form 


a= (- 4 (25) 


where 


zt (xt + 2)? 
4 (zt +1) 


Equation [24], together with Equation [25], may now be em- 
ployed in Equation [23] to obtain an approximation to «, 
namely 


zt 
dzt dzt 
0 0 


L 
where 
¢:(zt) = a E + log (zt + 1) + 
xt 


1 
(zt +1) 


4 
2(zt + 1)? 2 


The functions ¢:\zf), ¢:(zt) are plotted in Fig. 10. Both 
have an approximate magnitude of 0.25. The coefficient 


toc to 
= 304 (see Table 1) 


so even for & = —100 F (below the freezing point) the difference 
in behavior of the two systems, with respect to both ice thickness 
and rate of freezing, does not exceed 10 percent. For & of —50F 
(below the freezing point), the difference in z and dx/dr behavior 
is less than 5 per cent for all ice thicknesses. 

The approximation employed in Equation [24] which allowed 
evaluation of the magnitudes of «, and e, can be demonstrated as 
conservative; that is, « is actually somewhat smaller than 


(- “) - oi(zt), as expressed by Equation [25]. The freezing 


rate dz/dr in Equation [24] is for the first system, but for given 
thickness z, the second system would have a smaller magnitude 
than this as a result of the capacity effect. 


2 


T x x 
dz diz 
Fra. 11 QuaALITATIVE CoMPARISON OF = AND dr? FoR First AND 


Sreconp IDEALIZED SysTEMS 
(Refer to Fig. 1.) 


Fig. 11 reveals qualitatively the relative magnitudes of dx/dr 
and d?z/dr* for the two systems. Reference to Equation [22a} 
will now reveal that the substitution of the derivatives for the 
first system, as an approximation to the derivatives of the second 
system, results in a prediction for « which is larger than actual. 

The foregoing development demonstrates the closeness of be- 
havior, with respect to the rate of freezing and thickness of ice 
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formation, of two idealized systems, the first of which neglects 
the ice capacity, while the second system has the capacity effect 
lumped at the center of the ice slab. Evidently, the capacity 
effect is small, and this conclusion obtains whether or not it is 
“lumped” at the center of the ice resistance, or distributed 
throughout, as in the actual system. This argument suggests 
that the behavior of the first idealized system adequately ap- 
proaches the behavior of the actual system. 
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Performance and Selection of Mechanical- 


Draft Cooling Towers 


By JOSEPH LICHTENSTEIN,' NEW YORK, N. Y 


This paper indicates the need for standardization in 
cooling-tower practice and the adoption of a common 
basic theory for correlation of the vast amount of experi- 
mental data, coupled with practical experience now availa- 
ble. Such a theory would be invaluable in calculating 
performance at the guarantee point from test data taken 
under other conditions of service. From Merkel’s dif- 
ferential equation for the cooling tower, the author de- 
rives*a basic dimensionless equation for calculating 
cooling-tower perfgrmance. A graphic method of solu- 
tion of this basic equation is then given in the form of 
curves which have been developed by the author’s com- 
pany as a result of extensive tests which are explained. 
It is further shown that the size of a cooling tower for a 
fixed set of conditions is not entirely determined by theory 
alone, but that economic conditions constitute the final 
criterion. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


-water flow, lb per hr 

air flow, lb dry air per hr 

interfacial surface, sq ft per cu ft 

active tower volume, cu ft per sq ft ground area 

coefficient of heat transfer by convection, Btu per sq ft 
per deg F per hr 

coefficient of diffusion, based on vapor-content potential, 
Ib per sq ft per hr (Ib per Ib) 

water temperature, deg F 

air temperature, deg F 

enthalpy of saturated air at water temperature 

enthalpy of main air stream 

vapor content of saturated air film at water temperature, 
Ib per lb dry air 

vapor content of air-vapor mixture, |b per lb dry air 

latent heat of evaporation, Btu per lb 

specific heat of air, Btu per lb per deg F 

total amount of heat transfer from water to air, Btu per hr 

total amount of heat transfer by convection, Btu per hr 

H, = total amount of heat transfer by diffusion, Btu per hr 

Subscripts 1 and 2 are used to designate values above and below 

tower packing, respectively. 


Q 
s 


INTRODUCTION 


The last few years have shown a great increase in the demand 
for cooling towers by various industries, particularly the oil 
industry. This upward trend is still continuing and at the mo- 
ment is magnified by such developments as the growth of the 
synthetic-rubber industry which requires cooling towers of 
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considerable size. The need of the oil industry to recover lighter 
fractions has resulted in a demand for cooling water of lower 
temperature, and hence for cooling towers providing a closer 
approach to the surrounding wet-bulb temperature. 

The upward trend in the demand for cooling towers is also 
connected with a change in the type of tower demanded. The 
atmospheric and natural-draft towers so prevalent only 10 or 15 
years ago have practically disappeared and have been replaced 
exclusively by mechanical-draft towers. The development of 
more efficient fans and the reduction obtainable in pumping 
head with the mechanical-draft tower have resulted in a lower- 
ing of over-all power requirements. The ability to increase 
air flow through the mechanical-draft tower results in considera- 
bly smaller surface requirements, as compared with the natural 
or atmospheric tower. In short, the sum of amortized first cost 
and power cost of the mechanical-draft tower is lower than that 
of any other type. 

The last few years have also brought out a number of theoreti- 
cal and experimental studies of cooling-tower performance, par- 
ticularly of towers of the counterflow type. This type lends 
itself more readily to mathematical analysis and to the develop- 
ment of mathematical methods for predicting performance. 

The variety of methods used in analyzing tower performance 
in the earlier literature has given place today to a common 
method, with all authors employing the same basic differential 
equation for their studies. 

The cooling-tower industry should, therefore, be able now to 
standardize and adopt a common basic theory which would be 
accepted for correlation of its vast amount of experimental data 
and practical experience, and which could also be used to ealeu- 
late performance at the guarantee point from test data taken 
under other conditions of service. 

It is unfortunate that today each cooling-tower manufacturer 
uses his own method of calculation. Such methods, which may 
be more or less scientific, are based mainly upon empirical rules 
resulting from previous experiences with towers of similar con- 
struction. The present-day cooling tower, however, can no 
longer be based upon the experiences with older designs. The 
conditions imposed are more stringent, involving greater ranges, 
closer approaches to wet bulb, greater capacities. Cooling- 
tower design always has been and still must be based mainly 
upon experiments and tests, but the variety of conditions is so 
great that a correlating method for all these tests is absolutely 
essential, in order that cautious extrapolations can be made 
with some degree of accuracy for cases where direct test results are 
not available. 

It is equally important that the user of cooling towers be famil- 
iar with the essential laws of performance and their effect upon 
the economics of tower selection. Too many specifications for 
towers clearly show that the specifying engineer was not aware 
of the influence of various factors on tower size and so arrived at 
specifications which certainly could not be called economical. 

It is not the purpose of this paper to introduce a new cooling- 
tower theory. On the contrary, it is intended to point out the 
existence of a basic theory, which by now has been adopted by 
practically all authors on the subject, and to urge its adoption 
by tower manufacturers and tower users as a basis for cooling- 
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tower design. This paper will also present tests to show that the 
theory does allow the correlation of a great variety of test points 
into a common curve, and therefore that it deserves the designa- 
tion of a cooling-tower theory. 


Basic DIFFERENTIAL EQUATION OF THE CooLInac TOWER 


In 1925, Merkel (1)? developed the differential equation for 
the cooling tower, which today forms the basis of analysis of cool- 
ing-tower performance. We refer to the literature, and particu- 
larly to Nottage (2), in which this equation is redeveloped. 
To summarize, Merkel’s reasoning is as follows: 

Considering a counterflow tower of 1 sq ft ground area through 
which G lb per hr of air are flowing upward and L lb per hr of 
water are flowing downward, the following amount of heat 
passing through a surface element adV of water surface dH, = a 
(T — t)adV goes to the air by convection and thereby raises its 

dH, 
temperature by dt = GC. The same surface element evapo- 
P 
rates an amount of water dL = K(X’ — X)adV which corre- 
sponds to an amount of heat by evaporation 
dH, =r-dL =r-GdX 


The total heat released by the water is dH = dH, + dH, and 
its temperature is reduced by dT’, so that 


dH = L-dT = GC,dt + r-G-dX......... [1] 
L-daT = —t) + r- K(X" — X)]adV....... [2] 


Equations [1] and [2] determine water temperatures and 
conditions of air in the tower. Merkel makes the following 
assumptions: 


1 The Lewis relationship 


a 
KC, = 1 holds for the cooling 


Koch (3) comes to the conclusion that —— = 0.9 is 
KC, 


more correct, whereas London, Mason, and Boelter (4) conclude 
from their tests that the Lewis formula is reasonably correct for 
cooling towers. Under all circumstances, the error cannot be 
very great and the question is difficult to decide because of the 
impossibility of making cooling-tower tests with laboratory pre- 
cision. 

2 The air enthalpy can be expressed ash = Cyt + r-X 
which is an approximation, neglecting the superheat in the 
vapor and the heat of the liquid corresponding to the vapor 
content. 

Using these assumptions Equation [2] can be simplified to 


tower. 


LdT = K E (T —t) + |oav = +r-X") 


—(Cy+r- adV = K(h" —h)adV......... [3] 


which is Merkel’s basic cooling-tower equation with the en- 
thalpy difference (h” — h) as potential and K the coefficient 
of vapor exchange, based upon a vapor-content_ potential. 

It is advantageous to rearrange Equation [3] so as to make 
each side dimensionless and integrable 


so that integrating between inlet- and outlet-water tempera- 
tures gives 


h°—h L 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


TRANSACTIONS OF THE A.S.M.E, 


OCTOBER, 1943 


PERFORMANCE CURVES 


Equation [5] is the basic equation for calculating cooling- 
tower performance. As mentioned already, both sides of the 
equation are dimensionless figures. The left side of the equation 
contains only the thermodynamic conditions for the cooling proc- 
ess. It is determined wholly by the initial and end tempera- 
tures of the water and by the initial and end conditions of the air 
flowing through the tower. The right side of the equation is 
independent of the thermodynamic conditions in the tower and is 
determined by the characteristic of the tower design KaV 
and the liquid flow L. The diffusion coefficient for a given G 
depends only upon the type of surface provided in the tower. 
The surface provided in the usual tower is a combination of 
drop and film surface. There is not sufftcient information avail- 
able for either type of surface, so that K could be considered as 
known. 

It is, of course, possible from tower-filling design to determine 
the amount of film surface per cubic foot. Unfortunately, 
however, it is yet quite impossible to determine the amount of 
drop surface produced by a specific tower design. Considerable 
information on drop mechanics has been published lately by Not- 
tage and Boelter (5) and it is, of course, the idea of a cooling 
theory to develop sufficient information so that K and the 
amount of drop surface produced by a specific tower design 
could be determined from the design itself. This may be achieved 
in the future. At the moment, however, only testing can deter- 
mine the tower characteristic of a given design using Equation [5]. 

Tests must also prove that the tower characteristic really de- 
termines tower performance over the whole range of perform- 
ance conditions. Test results which will be discussed later 
indicate that this condition is met with sufficient accuraey. 

The left side of Equation [5], as mentioned already, is entirely 
determined by the thermodynamic cooling conditions. A graphic 
presentation of this left term is shown in Fig. 1 in which the 
water temperature T' is selected as abscissa and the enthalpy as 
ordinate. Saturation line h” gives the enthalpies of saturated 
air at water temperatures. Since LdT = Gdh, it follows that 
in a cooling tower the air enthalpy varies as a straight line with 
the water temperature. If the water is to be cooled from 7; to 
T:, then hz at 7; represents the inlet-air enthalpy corresponding 
to the inlet-air wet-bulb temperature, and the air operating line 
(hi — he) is a straight line with slope L/G. 

The integration required on the left side of Equation [5] can 
now be graphically accomplished as shown in Fig. 1 and is repre- 
sented by area ABCD, which determines the tower characteris- 
tic necessary to cool from 7; to 7; with inlet-air enthalpy of h. 
and a given weight-flow ratio L/G. 


APPROXIMATE METHODS OF SOLUTION 


The graphic method of integration is somewhat cumbersome 
for daily routine work. More unsatisfactory, however, is the 
problem of determining the performance of a given tower with 
known characteristic under varying wet-bulb conditions. It 
would require assuming the temperature range, integrating to 
determine the tower characteristic and, if different from the 
actual tower characteristic, repeating the process by trial and 
error until equality is reached; obviously too tedious a method 
to be of practical value. 

No wonder, therefore, that most authors attempt to intro- 
duce approximate methods. In accordance with the analogy of 
the heat exchanger, it is logical to try to introduce a “log-mean 
potential.”” The logarithmic-mean enthalpy potential would be 


mathematically correct if the enthalpy potential h” — h were a 
straight-line function of 7. Obviously, this is true only if the 
saturation line is straight, and so it follows that the log-mean 
potential can give good results only for very small ranges over 
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which the saturation line could be considered as approximately 
straight. Sufficient accuracy is obtained when the cooling 
range is 15 F or less. As the range increases, the curvature of 
the saturation line causes an increasing error. As an example, 
let L/G = 0.75; inlet wet-bulb temperature = 75 F; 7; = 115 
F, and T; = 80F. The log-mean-potential method gives KaV/L 
= 2.29. The graphic-integration method gives KaV/L = 2.80. 

The use of the approximate method in this rather typical 
case, therefore, leads us to underestimate the required tower 
characteristic by 18 per cent. A tower so selected would ob- 
viously be inadequate for the required service. 

Also, test data taken under one set of conditions cannot be 
used accurately to predict performance under other condi- 
tions if this method is employed, since the error changes with 
the curvature of the saturation line. For practical cooling- 
tower work, the use of a log-mean potential is therefore not 
adequate. 

Merkel, after developing first the basic equation, introduced 
another mean potential, so defined that (h” — h) (7; — T:) = 
area h,”, hi, ha, ka’. This leads immediately to great simplifica- 
tions, since the saturation line can he integrated with 7, once 
and forall. Unfortunately, this simplified method is as inaccurate 
for great ranges and close approaches as the log-mean method 
and suffers from the other serious defect that, by its use, cooling 
to wet-bulb temperature scems possible. Obviously, this is a 
physical impossibility. 

The cooling-tower industry today is called upon to design 
towers requiring large ranges and close approaches to the wet 
bulb. The simplified methods cannot be used, since they lead 
to too small towers. Present cooling-tower practice requires a 
method which is exact and rapid enough to enable selections 
to be made without long and tedious integration work; a method 
which permits determination of the performance of the tower 
for all wet bulbs and for any variation in operating conditions, 
without entailing lengthy trial-and-error integrations. 

The only solution to this demand would be to integrate graphi- 
cally once and for all so that any possible selection problem which 
might arise would be subject to immediate solution, and to co- 
ordinate these results in curves, forming a curve book which 
would be to the cooling-tower engineer what the steam tables 
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are to the turbine engineer. This set of curves could also be 
used to predict the performance of a given cooling tower under 
widely varying conditions of service. 

Such a curve book for cooling-tower work has just been com- 
pleted by the author’s company. 

In order to construct these performance curves it is, of course, 
necessary to choose from among the many variables those 
which are to be used as co-ordinates, those to be used as parame- 
ters, and those to be held constant. This involves the fol- 
lowing variables: approach to wet bulb, range, L/G, and wet- 
bulb temperature of the entering air. The tower characteristic 
KaV/L is the required factor and therefore it must be chosen 
as the ordinate. It seems logical to select L/G as abscissa, since 
it is one of the most important design characteristics. In cool- 
ing-tower practice, G is usually chosen from power-requirement 
considerations. If we find L/G, we then have L and therefore 
the necessary tower ground area for a given tower filling and a 
given tower capacity. As parameter for the performance curves, 
we have chosen the approach to the wet bulb; the wet bulb itself 
and the range are kept constant for each performance curve. 
Fig. 2 shows how these curves can now be calculated by graphic- 
integration methods. 

Fig. 2 is shown for two approaches, 1 and 2, for constant en- 
thalpy A2, and constant range. Two points can immediately be 
indicated which limit the range of the constant-approach curves. 
The first is L/G = 0, corresponding to area ABCD which gives 
the lowest tower characteristic for this performance; it corre- 
sponds to an infinite value of G. The next point is determined by 
the operating line CB and its corresponding slope or L/G. 
Since at B the potential is zero, the characteristic becomes in- 
finite. In between, any number of operating lines such as CE 
can be drawn and KaV/L for the corresponding values of L/G 
determined. This is shown in Fig. 3. 

Fig. 4 shows a typical performance curve for 80 F wet bulb, 35 
F range. 

These performance curves are calculated for ranges between 
8 and 50 F in intervals of 2 deg up to 20 F and 5 deg from 20 to 
50 F. Wet-bulb intervals are 5 deg from 35 to 60 F and 1 
deg from 60 to 80 F. Each page covers a range of L/G from 0 to 
3 and contains curves for various approaches from 2 to 30 F in 
steps of 1 deg from 2-8 F, 2 deg from 8-20 F and 5 deg from 20-30 
F. All curves are based upon enthalpies of the saturation line 
and air-operating lines, corresponding to a normal atmospheric 
pressure of 29.92 in. of mercury. 


TowER CHARACTERISTIC CURVES 
Referring again to the basic tower Equation [5], we have con- 
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structed a set of curves which gives solutions for the left side of 


the equation, namely 
aT 
T 


For any wet-bulb temperature range and approach, and for any 
chosen L/G these curves give the integrated value of 


aT 
h 


The problem now is to find the corresponding tower which 
fulfills these conditions and has a characteristic equal to KaV/L. 
Since KaV is a function of L, as well as of G, we must construct, 
for each tower design, curves of its KaV/L in function of L/G. 
Equation [5] then states that a tower, in order to fulfill the 
specified conditions, is determined by the L/G ratio correspond- 
ing to the intersection of both curves, Fig. 3. 

The tower characteristic curves are determined by the design 
features of the tower which fix the type and amount of surface 
provided (film surface, or drop surface, or both), the relative 
velocity of the two fluids, and their physical characteristics. 

Unfortunately, no theory yet exists which permits us to calcu- 
late either K or aV from the design alone. Tests on KaV for 
various types of tower have been made and published but, be- 
cause of lack of any general theory, such tests cannot be general- 
ized and represent the characteristic of the specific design only. 

Present tower practice is therefore still dependent upon 
testing of all tower designs, in order to find the tower characteris- 
tics. While published data concerning such tower tests are not 
yet sufficient to permit the deduction of a general theory of tower 
characteristics, they are still very useful because they at least 
permit us to visualize the general trend of variation of the main 
factors of the tower characteristic, the variation of KaV with L, 
G, and possibly 7}. 


Fitm-Tyre AND Spray-Type Towers 


In this respect, two publications of experimental studies on 
cooling towers are particularly interesting. Both were made at 
the University of California (4, 6). The interest in these two 
studies lies in the fact that the authors tested two towers of a 
design forming the two opposite extremes of counterflow towers, 
namely, the pure film-type tower and the pure spray-type tower. 
For economic reasons, all commercial-tower designs are in be- 
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tween these two extremes. The characteristics of these towers 
should therefore be a good indication of what to expect of the 
commercial type of tower. 

The film-type tower lends itself particularly to experimental 
analysis since the surface aV is known from design and is inde- 
pendent of L. Coefficient K alone can therefore be easily deter- 
mined from test as a function of G. The authors (4) give the 
absolute value of K as a function of G and find that K varies as 
Go.48, 

The film-type tower is uneconomical, since all of its surface 
must be formed by lumber or other material, which makes the 
tower very costly. 

The spray-type tower offers considerably greater difficulties 
of experimental analysis. In the first place, the surface aV is 
unknown and cannot be determined by experiment, since only 
the product KaV can be caleulated from measurement. The 
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total surface in the spray tower is made up of the surfaces of all 
the drops in the tower at a given time. The total surface there- 
fore is proportional to the number of drops produced from 
L |b per hr of water, assuming an average drop diameter, and is 
also proportional to the time necessary for a drop to pass through 
the tower. 

Referring to the study on drop dynamics, mentioned pre- 
viously, the authors (6) have graphically integrated the differen- 
tial equations for water drops falling through air, taking air re- 
sistance into account, in order to determine the time of fall. 

Although the cooling-tower industry is grateful for this most 
useful work, it is, however, not yet provided with the necessary 
theoretical means of calculating the drop surface of a spray tower 
from design features alone. Aside from uncertain assumptions 
of the drag coefficient of falling water drops in air, the determina- 
tion of the average drop diameter cannot be safely predicted 
from the design. In the experimental determination of KaV, K 
cannot yet be separated from aV. 

Another difficulty in spray-tower work is the fact that part 
of the water runs down along the walls forming a film type of 
surface, so that the actual performance is a combination of 
pure film- and pure spray-type surface. This effect will be the 
greater the smaller the tower ground area, and since test towers 
are necessarily small, a large percentage of the total liquid will 
flow along the tower walls. 
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The California experimenters circumvented this difficulty 
very cleverly by making over-all tests first, then shutting down 
the spray nozzles and measuring the performance of the wall sur- 
faces separately. Deducting this from the over-all test per- 
mitted them to calculate the performance of the drop surface 
alone. The results are interesting. For the wall surface they 
found KaV to be dependent upon L®-* and to vary as G®-°. 

For the pure spray surface, KaV is independent of G and varies 
with the first power of LZ. For the combined surfaces, KaV 
varies of course with L to a power between 0.3 and 1 (0.76 in 
the California tests), and with G to a power between 0 and 0.5 
(0.17 in the California tests). 

The problem of the designer of a commercial tower is to pro- 
vide the maximum amount of surface at a minimum cost. Drop 
surface is the cheapest surface but, since drop surface is propor- 
tional to the time it takes a drop to fall through the tower, the 
pure spray-type tower is not the most economical tower. The 
time of fall is small, the total surface small per square foot of 
ground area. In order to increase this surface, the designer 
tries to increase the time of fall of a drop through the tower by 
introducing decks which break up the distance of fall. The decks 
of course at the same time add film surface to the drop surface. 

It is not the purpose of the decks so much to provide this film 


‘surface as to increase the amount of drop surface. The com- 


mercial tower is therefore also a combination of film and drop 
surface, with the latter, however, forming the greater part of the 
total surface. The characteristic of these towers depends of 
course upon the type of filling which forms the decks, the num- 
ber of decks and their distance, and the method employed of 
dividing the water into drops. For purposes of this paper, we 
are not interested in surveying the characteristics of all types of 
towers but rather in the general trend of these characteristics. 
To this end, it will suffice to show the characteristics of a type 
built by the author’s company. 


Test DaTa ON A COMMERCIAL TYPE OF TOWER 


The Foster Wheeler Corporation has been building cooling 


towers for the last 35 years and has therefore accumulated a 
considerable amount of test data on all types and designs of 
towers. This test program has been intensified to a great extent 
in the last 2 years as a result of the greater demand for towers 
and particularly because of the rapid changes and improvements 
made in tower design and tower fillings. 

Tests have been made, for example, on a tower of 6 ft < 6 ft 
ground area and 35 ft height, so that the number of decks and 
their spacing can be widely varied. Fig. 5 shows the general 
testing arrangement, and we shall omit here detailed description 
of the testing instruments which are standard for this type of 
work. Air is forced into the tower by a 7-ft-diam axial-flow fan 
through a long suction tunnel provided at the inlet with a cali- 
brated nozzle. Pitot-tube and differential pressure measure- 
ments determine the amount of air handled. Wet-bulb meas- 
urements of the entering air are also taken at the nozzle inlet. 
A suction line from the tower basin conducts the cooling water 
to the centrifugal pump, circulating it through a steam heater, 
where the heat load is provided. Cold-water temperatures are 
taken at both the suction and discharge sides of the pump, and 
hot-water temperatures are taken at two check points in the 
discharge line from the heater to the tower. An orifice in the dis- 
charge line is used to measure water quantity. Wet-bulb meas- 
urements of the discharge air from the tower are taken so that 
heat balances between air and water can be established to check 
the accuracy of the test points. All test points having an error of 
more than 10 per cent on the heat balance are rejected. The 
number of points with an error as great as 10 per cent is, however, 
small. The whole arrangement is flexible enough to allow great 
variations in all the variables involved. Range, inlet-water tem- 
perature, inlet wet bulb, and L and G variations are reached by 
continuous testing all year round, so that wet bulbs between 27 
and 84 deg can be observed. 

In Table | is given a series of test points on a tower consisting 
of ten decks on 15 in. centers, and with a filling consisting of 
slats */s in. X 2 in. spaced 1'/s in. on centers. This filling has 
been used on Foster Wheeler towers but has been abandoned in 
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favor of later modifications. The test points selected are widely 
separated values of G to show the effect of G on KaV. Al- 
though G could not be held exactly constant, the variation 
around the average is small enough to keep the error within 4 
per cent, which is well within the accuracy of determination of G. 

Fig. 6 shows graphically these test points giving KaV as a func- 
tion of L for constant values of G equal to 1680. 1220, and 644 Ib 
persqftperhr. The variation of KaV with L is similar in trend 
to that of the spray tower KaV varying approximately as L%‘ 
which was to be expected. Very different from the spray tower, 
however, is the variation with G at constant L. Expression KaV 
varies as G*-*, the same variation as observed in the pure-film- 
type tower. The explanation may be that in the spray tower, 
due to greater height of fall, the drop velocity is high compared 
to the air velocity so that G has little effect whereas in the deck 
tower the drop velocity is small. The variation of KaV with 
G** has been observed in all types of deck towers and seems to 
be a well-established law for such towers. 


MopEL AND ExEcuTION 


Cooling-tower tests are made on small towers, that is, small 
in ground area only, there being no scale factor involved, and 
the theory of similarity is not applicable. In fact the tower 


TABLE 1 TYPICAL TEST POINTS OF MODEL TOWER FOR AIR 
WEIGHT FLOWS AVERAGING 1680, 1220, AND 644 LB PER HR 


Test aT KaV 
point range Approach wet bulb L G 4L/@ L KaV 
G average = 1680 
16 29.0 55.6 30.4 2915 1721 1.69 0.76 2215 
17 31.5 53.2 32.8 2645 1721 1.54 0.80 2105 
18 34.6 52.8 33.2 2430 1705 1.42 0.82 1990 
19 38.0 51.4 33.6 2220 1705 1.30 0.88 1950 
23 16.0 27.6 37.4 1700 1710 0.99 1.08 1837 
28 31.8 29.8 41.4 250 1730 0.72 1.28 1600 
29 34.5 28.5 42.0 1140 1712 0.66 1.37 1564 
30 34.2 29.8 45.0 350 1712 0.79 1.24 1672 
32 41.8 25.6 45.6 970 1715 0.57 1.51 1463 
33 48.8 25.4 44.8 830 1719 0.48 1.69 1402 
35 24.0 16.8 49.2 905 1731 0.52 1.57 1420 
36 24.0 18.2 50.8 1050 1668 0.63 1.46 1532 
37 20.8 20.6 48.6 1200 1722 0.70 1.27 1525 
44 31.4 18.8 52.8 930 1644 0.57 1.52 1413 
45 39.6 18.6 51.8 765 1640 0.47 1.68 12 
46 14.4 7.4 65.2 835 1645 0.51 1.55 1293 
47 a7 75 65.2 695 1640 0.42 1.74 1210 
50 34.6 2.6 69.8 345 1606 0.21 3.12 1077 
51 32.2 5.8 67.0 490 1600 0.31 2.32 1136 
53 29.4 12.6 59.0 780 1650 0.47 1.73 1350 
40.2 17.2 57.6 835 1675 0.50 1.57 1310 
55 42.2 15.0 57.8 725 1675 0.43 1.76 1275 
56 45.0 14.4 53.6 685 1665 0.35 2.01 1175 
57 44.0 10.0 .0 415 1665 0.25 2.54 1055 
68 35.0 27.0 60.0 1 1634 1.15 1.01 1900 
G average = 1220 
1 33.8 27.2 61.0 1345 1260 1.07 0.95 1280 
2 30.4 28.0 60.6 1490 1240 1.20 0.89 1328 
3 30.6 24.8 61.6 1250 1235 1.01 0.98 1225 
7 34.5 18.9 66.6 1110 1228 0.90 1.17 1300 
5 27.5 22.1 53.4 970 1290 0.75 1.29 1250 
6 31.5 20.5 54.0 835 1285 0.65 1.40 1170 
8 16.0 17.4 52.6 1050 1280 0.82 1.24 13 
9 19.2 18.8 51.0 900 1285 0.70 1.26 1132 
ll 16.6 21.4 50.0 1195 1290 0.93 1.09 1300 
14 19.2 12.8 56.0 680 1220 0.56 1.54 1048 
17 32.2 6.8 61.0 350 1115 0.31 2.51 880 
19 29.4 13.6 61.0 625 1100 0.57 1.66 1040 
20 28.6 15.4 61.0 765 1090 0.70 1.51 1155 
21 18.0 19.0 67.0 1460 1170 1.25 O. 1285 
34 21.0 28.0 65.0 2250 1180 1.90 0.73 1645 
37 26.0 22.6 69.4 1600 1220 1.31 0.85 1360 
38 23.0 23.6 69.4 1895 1205 1.57 0.80 1515 
39 19.5 26.2 65.8 2225 1230 1.81 0.75 1670 
40 20.0 29.6 64.4 2435 1240 1.96 0.67 1630 
41 18.5 29.5 65.0 2640 1240 2.13 0.65 1720 
G average = 644 
7 20.0 27.6 52.4 835 650 1.29 0.95 794 
8 24.6 25.8 52.6 695 650 1.07 1.11 773 
9 12.4 15.6 58.0 710 632 1.12 1.13 803 
ll 11.6 20.2 58.2 970 617 1.57 O.87 845 
12 10.6 21.2 58.2 1110 635 1.75 0.78 865 
19 20.0 23.2 59.8 5 1.21 0.91 760 
20 33.3 21.6 60.2 695 677 1.03 1.02 709 
21 21.2 14.8 63.0 50 660 0.83 1.31 720 
23 32.2 28.2 60.6 5 650 1.28 0.93 776 
24 35.8 27.8 60.4 765 648 1.18 0. 758 
25 31.0 19.6 63.4 625 630 0.99 1.27 795 
26 34.6 17.8 62.6 485 634 0.69 1.32 64 
29 16.0 26.4 67.6 1460 625 2.33 0.68 
30 16.0 29.8 68.2 1805 622 2.89 0.58 1050 


3000 
MODEL TESTS 
KaVus L 
680 
2000 
0 
Kav 5 
— 
| 
0 
0 1000 2000 3000 


Fie. 6 or Test Points From 1 SHowinea KaV Versus 
L ror G = 1680, 1220 anv 644 Ls per He 


theory just outlined is based on the idea that a large tower is the 
sum of a number of small towers each of 1 sq ft ground area. If 
therefore each square foot receives the same amount of water 


‘and air, no difference in performance between a small and a large 


tower could be expected. However, in a small tower, the ef- 
fect of the water running down the walls does reduce the over-all 
performance, and since with increased ground area the per- 
centage of the water flowing along the walls becomes smaller, 
an improvement in performance of larger cells can be expected. 
Fig. 7 shows the effect on the tower characteristics of full-scale 
tower cells compared to the test model for an average G of 1220 
Ib per sq ft per hr. 

These field tests were made on a number of towers varying 
in cell size from 480 to 600 sq ft of ground area. A constant in- 
crease of about 13 per cent in KaV is observed. It is not proba- 
ble that with yet larger cells the increase would be greater since, 
even at these sizes, the percentage of water flowing along the 
walls is negligible. 


TowrrR CHARACTERISTIC CURVES 


For each type of tower design, experiments must establish the 
tower characteristic giving KaV as a function of L for various 
values of G. Once these curves are available, they can be 
changed to form the tower charaeteristic by making the ordi- 
nate KaV/L instead of KaV and by making the abscissa L/G 
instead of L. Fig. 8 shows these tower characteristics using 
the test curves given in Fig. 7. 

These tower characteristics vary with G but, as can be seen in 
Fig. 7, the characteristic is practically the same within the exacti- 
tude of testing, for G at 1680 and G at 1220, which is the range 
used in cooling-tower work. This simplifies selection considera- 
bly since there is only one curve to deal with for each type of 
tower. 

In this connection the following reasoning could be applied: 
Equation [5] is already dimensionless. If K, aV, L, and G are 
the only supposed variables in cooling-tower performance, di- 
mensional analysis would arrive at these two dimensionless 
groups. Accordingly, all test points should group themselves 
into one curve if the groups KaV/L and L/G are used. In other 


words, from the standpoint of dimensional analysis one tower 
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characteristic curve, independent of G, should exist. This would 


require the following relationship: 
From tests we find 


KaV = cL* 
Divided by L 


V 
= cL 


Dimensional analysis requires 


Therefore 


or 


If the inlet temperature 7 should be found also to influence 
tower performance (as in the spray tower of the California test), 
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it could only combine with K, which alone has temperature as a 
dimension. We would then have a family of tower characteris- 
tics with 7 as parameter but for each of which Equation [6] 
would hold. 

In our case X + y = 0.9. The California test on the spray 
tower gave X = 1, y = 0 for pure spray, X + y = 0.93 for the 
combination of spray and wall surface. 

We are now making additional tests to determine experi- 
mentally whether Equation [6] holds and are inclined to believe 
from theoretical and other available test results that the equa- 
tion is reasonably correct. 

Should this be the case, the testing procedure for determin- 
ing tower characteristics would be enormously simplified since 
two test points, varying either G or L, would be sufficient. 

In accordance with basic Equation [5], we have the two sets 
of curves which represent the right and left sides and accordingly, 
if a specific tower design is selected, the solution of Equation [5] 
is determined by the intersection of both curves for a specific 
set of values of wet bulb, range, and approach. The solution 
gives the necessary ratio L/G in order to fulfill the specified cooling 
conditions. 


Coo.tna-TowER SELECTION 


The size of a cooling tower is determined when L, the value of 
pounds of water per square foot per hour, is known, whereas 
Equation [5] determines only the ratioL/G. The designer must 
therefore select G from other considerations before the cooling- 
tower size is fixed. Let us first consider extreme conditions. 
Assume that a tower is to be selected for a close approach to the 
wet bulb and a large range. This will lead to a small L/G ratio 
and, since G cannot be increased beyond a certain amount, L 
is necessarily small. Experiments on all cooling towers show that 
their characteristics break sharply when L reaches a critical 
point varying with design but roughly around L equal to 500 
lb per sq ft per hr. This is due to the fact that the water is un- 
able to spread sufficiently and cover evenly the whole available 
surface. Term L must be selected on the curve and not on the 
break. In such case, where L falls on the break, the tower de- 
sign is unsuitable for the conditions. A design must be selected 
giving a larger L/G ratio and this leads to a tower having a great 
number of decks. Close approaches and large ranges require 
high towers with high pumping heads. 

The opposite extreme is the selection of a tower for a large 
approach and a small range which leads to a large L/G ratio but, 
on this side too, the tower characteristic breaks, due to flooding, 
at a critical L, which depends upon the design and is roughly 
around 3000 lb per sq ft per hr. Since it is uneconomical to 
reduce G too much, and since L/G must be made smaller in order 
not to work on the break, a type of tower must be selected having 
a smal] number of decks. Such towers are low-head type with 
low pumping heads. 

Average conditions are in between these two extremes. The 
theory establishes the ratio L/G for a fixed design. Even if a 
fixed design is selected, there is still an infinite number of sizes 
possible depending upon the selection of G. A small G means a 
small L with a large tower ground area, high first cost, but low 
fan-power requirements, whereas with a large G, the reverse is 
true. The solution naturally is fixed by selecting G so that the 
cost of fan power (plus pumping power if variation in design is 
also considered) plus the cost of capital charges is made a mini- 
mum; in other words G is determined by economic considerations. 

It is not the purpose of this paper to discuss all the variables 
of cooling-tower design which affect its first cost. There are too 
many of them and any attempt to combine them in mathematical 
form in order to draw general conclusions only leads to long for- 
mulas from which no simple conclusions can be drawn. The 


z 
KaV L 
L ( cL* 
X—l=—y 
we 
| 
| j 


786 TRANSACTIONS OF THE A.S.M.E. 


job has to be done by making a few selections, calculating total 
cost, and determining the minimum point. This fixes the eco- 
nomic selection for a given design. If the process is repeated for 
various designs an absolute optimum selection can be made. 
The experienced engineer quickly develops enough feeling in the 
matter to make the process much quicker and simpler than this 
description would indicate. For us the important conclusion is 
that, in the final analysis, the economics involved determines the 
tower size. 

Many authors on the subject of cooling-tower theory feel com- 
pelled to introduce some scale of measurement of the degree 
of perfection of the tower. The ideal tower to some is one which 
heats the air to the inlet-water temperature, to others a tower 
which cools the water to the wet-bulb temperature. All towers 
are then compared to the ideal tower, and an effectiveness co- 
efficient or “efficiency” of the cooling tower is introduced. We 
fail to see of what possible use such a coefficient could ever be for 
cooling-tower practice. The tower manufacturer is able to 
build towers of any degree of effectiveness or efficiency if one is 
willing to pay the price. Building such towers, however, 
would be no particular achievement. To the cooling-tower in- 
dustry, the most efficient tower is simply the most economical 
tower. 

The designer determines the most economical tower on the 
basis of fixed conditions given to him and over which he has no 
control. The wet bulb, the approach to the wet bulb, the range, 
and the capacity are all fixed. But these fixed conditions are 
themselves determined by economic considerations, except that 
this work belongs to another group of engineers, those who study 
the application of the tower to a particular problem. 

If the cooling tower is to provide cooling water to a group of 
heat exchangers, it is a question whether it is economicai to put 
more money into the tower and save heat-exchanger surface or 
vice versa. Here again the economic selection will be such that 
the sum of all costs involved will be ata minimum. The applica- 
tion engineer, however, is handicapped in his work because of lack 
of knowledge of how changes will affect the size of the tower. 

Suppose the range is already fixed as well as the wet-bulb 
temperature; the engineer wishes to determine how the cooling- 
tower size is affected by different selections of approach to this 
wet bulb. The answer cannot be given to him in general terms. 
The curve of size versus approach depends upon the value of 
the wet bulb itself. The same is the case if he has fixed the wet 
bulb and the approach and wants to know the curve of size versus 
range; or his range and approach is fixed and he wants to know 
the variation of size with wet bulb itself. For economic calcula- 
tions, this knowledge is necessary. The book of performance 
curves allows one, of course, to determine these functions easily 
for all possible conditions. Co-operation between purchaser and 
manufacturer for the best economic selection is the only answer. 
To show the trend of these curves, we have calculated them for a 
typical example, namely, 75 deg wet bulb, 25 deg range, and 10 
deg approach. 

Fig. 9 shows these curves, in which the size corresponding to 
the selected condition for a typical tower design is called 100 per 
cent. The curves then show percentage variation of the tower 
size if any two of the conditions are kept constant and the others 
varied. May we particularly point out the enormous increase 
in size of tower with closer approach to the wet bulb of 75 F. 
If a smaller wet bulb than 75 F had been selected the change 
would have been still more marked; less marked, however, 
for a higher wet bulb. The same general trend is true for the 
other two curves. 

We have shown how the size of a cooling tower for a given set 
of conditions can be fixed. There are other questions entering 
into the selection of a tower which, however, are not the object 
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of this paper and can be disposed of briefly. Once the size of 
the tower is fixed the question of fan arrangement comes up. 


Forcep-Drarr Versus [Npucep-Drarr TOWER 


In the forced-draft tower the fan equipment is located on the 
ground and is easily accessible; the fans blow the air through the 
tower and discharge it at a relatively low velocity. In the in- 
duced-draft tower the fan equipment is on top of the tower suc- 
tioning the air through the tower and discharging it with a rela- 
tively high velocity. This high-velocity discharge represents 
wasted energy in so far as the tower performance is concerned. 
The power requirements of the induced-draft tower are there- 
fore greater than those of the forced draft. 

However, the induced-draft tower, because of its high dis- 
charge velocity, reduces recirculation to a greater extent than 
the forced-draft tower. Recirculation occurs under unfavorable 
wind conditions when part of the hot discharge air of the tower is 
sucked back by the forced-draft fans into the tower, uniting 
with the fresh air, raising the air entering wet-bulb temperature, 
and so reducing the tower performance. 


This question of selection can also be decided on economic 


considerations. The additional cost of fan power must be bal- 
anced against the loss of performance due to recirculation. If 
the number of days in the year in which recirculation occurs is 
known, and the loss of performance can be estimated, such eco- 
nomic calculations should enable one to decide this issue too. 

In general the effect of recirculation is more important in the 
case of close-approach towers, justifying in general the selection 
of an induced-draft tower. In the case of larger approaches the 
advantages of forced draft carry more weight. 


SUMMARY 


A graphic method of solution of the basic equation has been 
shown which, in the form of curves, allows quick and exact 
answers to all cooling-tower problems. The adoption of the 
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basic equation by the cooling industry is urged so that a common 
method of correlation of tests as well as a common method of 
translation of performance from one set of conditions to another 
may be available to the industry. It is further shown that the 
size of a cooling tower for a fixed set of conditions is not entirely 
determined by theory alone, but that economic considerations 
finally determine the tower size. 
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Heat Transfer to a Fluid Flowing Periodically 
at Low Frequencies in a Vertical Tube 


By R. C. MARTINELLI,' L. M. K. BOELTER,? E. B. WEINBERG,? ano S. YAKAHI* 


There are available in the literature many data for the 
transfer of heat from a tube to an enclosed fluid flowing 
with steady, unidirectional motion. Knowledge with re- 
spect to the applicability of such steady flow data to the 
analysis of heat transfer from a pipe to a fluid, the velocity 
of which is a periodic function of time, is necessary for the 
solution of certain types of heat-transfer problems. An 
outstanding example of a system in which such periodic 
heat transfer occurs is the internal-combustion engine 
under detonating and nondetonating conditions. The ex- 
periments (1) described in this paper are the beginning of 
a long-range program on the subject of heat transfer in the 
cylinders of internal-combustion engines and, although 
the results of the tests are not immediately applicable to 
engine analysis, some light is shed on the phenomenon. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A = heat-transfer area, sq ft 
A, = pipe cross-sectional area, ft? 
cy = unit heat capacity of fluid, Btu/Ib °F 
D = tube diameter, ft 
e = Naperian base of logarithms 
fam = unit thermal conductance at solid-fluid interface 
defined by 
dave ee 
, Btu/hr ft? °F 
fi, = unit thermal conductance at solid-fluid interface, 
defined by 
he * Btu/hr ft? °F 


Q = gravitational force per unit mass = 


th sec ) 
ft 


k = thermal conductivity of fluid, Btu/ft? hr (°F/ft) 

L = pipe length from beginning of heat-transfer sec- 
tion, ft 

P = pressure, lb/ft* 

Q = time average volume flow, cu ft/sec 

go = heat gained by fluid passing through heating 
section, Btu per hr 

q@. = heat lost by steam in heat exchanger, Btu per hr 
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ave 


rpm 


Gr 


average heat-transfer rate in tube length L, 

Btu per hr 

revolutions per minute of pump = 60  X fre- 

quency in cycles per sec 

lo + 
2 

let- and outlet-fluid temperatures, °F 

mixed mean temperature of fluid leaving heat 

exchanger, °F 

inlet-fluid temperature, °F 

tube-wall temperature, uniform with length and 

around periphery, °F 

absolute temperature, °R 

(ty — + (te — tnt) 

2 

perature difference between tube wall and fluid, 

°F 

logarithmic-mean temperature difference between 

tube wall and fluid, °F 

instantaneous mean velocity at any pipe section, 

fps 


= arithmetic average of mixed mean in- 


= arithmetic-mean tem- 


7 ihe time average velocity at any pipe section 


fps 
maximum value of instantaneous mean velocity at 
any pipe section, fps 
average fluid velocity at any section (for steady 
unidirectional flow), fps 
volume, cu ft 
weight flow of fluid, lb per hr 
any distance from beginning of heat-transfer 
section, ft 


coefficient of expansion of fluid = : (7). 
(“F)~* 


kinematic viscosity of fluid, ft?/sec 
crank angle, radians 

mass density of fluid, lb sec?/ft* 
viscosity of the fluid, lb sec/ft? 


DIMENSIONLESS 


function of x Nu,,,/Gz,, which appears in Equation 
[8a], because of the utilization of the arithmetic- 
mean temperature difference in the definition 
of the unit conductance f,,,, see Equation [3b] 
function of x Nu,,,/Gz, which appears in Equa- 
tion [3a], because the buoyant force acting on 
the fluid becomes smaller as the fluid approaches 
the tube-wall temperature, see Equation [3c] 
function of + Nx;,,,/Gz, which enters Equation 
[4], because the buoyant force on the fluid de- 
creases as the fluid approaches the pipe-wall tem- 
perature, see Equation [3e] 

Dp*8g(t, to) 
2 


= Grashof modulus, utilizing 


the temperature difference (t,, — t) 


> 
= 
bak 
lo = 
ty = 
T = 
= 
Alin = 
v= 
= 
Umax = 
= 
V= 
W = 
rI~= 
| 
| : 
= 
5 
i — 
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(=) = product of Grashof and Prandtl moduli and D/L 


The fluid properties are evaluated at the tube-wall 
temperature, (,, 

Gz,, = (We,/kL), = Graetz modulus, in which fluid 
properties are evaluated at arithmetic mixed 
mean fluid temperature, ¢,, 

Gz,,, = instantaneous magnitude of Graetz modulus, 
properties evaluated at ¢,, 

Nu,,, = Nusselt modulus, based on unit conductance f,,,, 
defined in terms of arithmetic-mean tempera- 
ture difference between tube wall and mixed- 
mean temperatures of fluid 

fimD 


Nu, = —e Nusselt modulus, in which unit conduct- 


ance is based on logarithmic-mean temperature 
difference between tube wall and fluid 

Num = Nusselt modulus for periodic fluid flow, based on 
logarithmic-mean temperature difference be- 
tween tube wall and fluid 

The thermal conductivity of the fluid, k, is evalu- 
ated at the average of the mixed mean inlet- 
and outlet-fluid temperatures, t,, 

Num; = instantaneous magnitude of Nusselt modulus, 
which is obtained from steady-state unidirec- 
tional performance curve for each value of 

Nue = Nusselt modulus calculated from observed rates 
of heat transfer for steady unidirectional flow 


Nuo = Nusselt modulus calculated from observed rates 
of heat transfer for periodic fluid flow 

Nu,; = Nusselt modulus, calculated from observed rates 
of heat transfer, each value chosen from steady- 
state unidirectional curve Nuo versus Re,, for 
magnitudes of Re,,; 

Nug = Nusselt modulus equivalent to scale resistance for 
steady unidirectional flow 


Pr = oe = Prandtl modulus 
k 
v,, D 
Re,, = ( ) = Reynolds modulus for steady uni- 


directional flow, based on fluid properties at 
arithmetic average of mixed mean fluid tempera- 
tures at entrance and exit, t,, 


oD 
Re, = (2: ) = Reynolds modulus for periodic flow, 


v 
properties evaluated at ¢,, 
vD 

Re, = (2) = instantaneous magnitude of Keynolds 


modulus, properties evaluated at (,, 


EXPERIMENTAL EQUIPMENT 


In the periodic-flow tests to be described, the rate of heat trans- 
fer was measured from a vertical 0.422-in-diam tube to water 
being pumped through it by a low-speed (13-265 rpm) reciprocat- 
ing pump. 

The experimental equipment (2) consisted of a 4.44-ft vertical 
heat exchanger (a complete description of which is given in Ap- 
pendix 1) to which the test fluid (water) was supplied either by 
means of a small centrifugal pump, or by means of a single- 
cylinder single-acting reciprocating pump with the air chamber 
removed. A schematic diagram of the experimental equipment 
is shown in Fig. 1. 

As a basis for analysis, steady unidirectional fluid-flow heat- 
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Fie. 1) Scuematic DiaGRaM or 4.44-FT HEATING SECTION 


17 
|_| + | 
CRANK _ANGLE-@ 
Fig. 2. Frurp Ve vocrry Variation With Pump Crank ANGLE 
(TiME) 


(The fluid velocity is postulated proportional to piston velocity during the 
discharge stroke.) 


transfer data were first obtained on the vertical heat exchanger 
utilizing the centrifugal pump to transfer the test fluid (water). 
After the steady-unidirectional-flow performance of the exchanger 
had been well established, the reciprocating pump was utilized 
to obtain the periodic-flow data. This particular type of pump 
was chosen as one producing an extreme case of periodic flow, 
for the pump causes fluid to flow during one-half revolution of 
the crank, fluid flow being zero during the remaining half revolu- 
tion. For all practical purposes, the higher harmonics intro- 
duced by the finite connecting-rod length can be neglected and 
the flow produced by the pump may be expressed as: 


Vv = Umax SIN 
v=0 


A plot of this velocity variation is shown in Fig. 2. The maxi- 
mum velocity of the cycle is thus related to the average rate of 


flow by the relation 


EXPERIMENTAL Data, STEADY UNIDIRECTIONAL FLOW 
The data obtained for the steady-flow conditions are tabu- 
lated in Table 1. The magnitudes of the Nusselt modulus listed 
in Table 1 are greater than those directly observed, the latter 
being lower because of the presence of a thin oxide film on the 
inner surface of the copper tube (Appendix 2). A plot of Nu,,, 


as a function of the Reynolds modulus based on the fluid proper- 
ties at the arithmetic average mixed mean temperature is 


| 
—STEAM [CONDENSER 
| 
--—-— COOLING WATER 
i ill 
| CONDENSATE TANK 
SUMP 
ce 
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shown in Fig. 3. Although the steady-state performance was 
studied mainly as a preliminary step in explaining the periodic- 
flow data, the points shown in Fig. 3 merit a brief discussion. 

Between magnitudes of the Reynolds modulus (Re,,) of 1000 
and 10,000, two distinct magnitudes of the Nusselt modulus ob- 
tain at a particular value of Re,,. The lower branch of the 
curve corresponds to flow conditions which tend to maintain 
viscous flow (i.e., low tube-wall temperature, very steady flow, 
etc.) while, in contrast, the points along the upper branch corre- 
spond to test conditions which tend to induce turbulence. Thus 
it may be stated that in nonisothermal systems, as in isothermal 
flow systems, there exists a transition region in which the rate 
of heat transfer is unstable and in which the magnitude of the 
Nusselt modulus depends upon flow conditions which are not 
described by the magnitude of the Reynolds modulus. 

The rising portion of the lower branch of the curve yields a 
magnitude of Nu; which rises almost linearly as Re,, is increased. 
In a recent paper Norris (3) notes finding a similar variation of 
Nu,, With Re,,, using a mineral oil and askarel. Norris con- 
cluded that ‘the surface-heat-transfer coefficient (in the transi- 
tion region) is directly proportional to the velocity.” The pres- 
ence of two branches on the curve in Fig. 3 illustrates that 


CURVE B L 
2 (PREDICTED) 

3 

3 

8 
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CURVE A PREDICTED 


REYNOLDS MODULUS-RE m 


\ 


Fig. EXPERIMENTAL NussELT Moputus Nuim PLOTTED as A 
FUNCTION OF REYNOLDS Moputvus Rem FOR STEADY UNIDIRECTIONAL 
FLow 
(Curve A represents the predicted behavior, reference 4, in the viscous re- 
gion, and curve B represents the predicted behavior in the turbulent region, 
Equation [4]. The points represent experimental data.) 
this conclusion is not universally applicable, for under certain 
flow conditions points may lie along the upper branch. How- 
ever, for very viscous fluids with high vapor pressure and low 
coefficient of expansion, such as Norris utilized, the maintenance 
of turbulence at low Re,,, even at high wall temperatures, may be 
sufficiently difficult to eliminate possibility of performance along 

the upper curve. 

In order to allow a plot of all data on one curve sheet, magni- 
tudes of the Nusselt modulus in the viscous region have been 
plotted utilizing the log-mean temperature difference (1.m.t.d.) 
as the basis for calculation of the unit conductance. It should be 
emphasized that this temperature difference becomes useless 
when the fluid leaves the exchanger at almost the tube-wall 
temperature, for under this condition an error of a fraction of a 
degree in the outlet temperature will cause a large error in the 
l.m.t.d. The arithmetic-mean temperature difference is then 
the logical basis for the calculation of the Nusselt modulus in the 
viscous region, unless a direct comparison with turbulent-flow 
data is desired. 

The equation 


3 0.84 
GrP 
Nie, = 1.75 + 0.0722 Fy 
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TABLE 1 EXPERIMENTAL DATA, STEADY FLOW 
Run q 9s/90 tw to Rem Nu), 
IF 4, 102.5 213.5 BO. 152. 11,€30 0. 
182 17, 90¢ 94.5 213.2 67.5 166.5 4,650 42.7 
aF 70° 8, 800 --- 230.5 87.5 214.0 2,340 29.2 
SF 764 42,400 34.5 202.0° 79.5 335.5 17,800 105.0 
6F 1130 §3, 700 89.5 196.0 87.5 134.0 27,100 151.0 
7F 2280 66.100 93.0 168.2 85.5 114.5 49,300 267.0 
oF 758 44,4 96.8 204.5 76.0 134.5 18,500 104.0 
iF 2190 85, 500 95.5 204.7 96.5 135.5 55,500 257.0 
10F 433 33, 200 --- 213.5 711.0 147.5 10,250 73.8 
12F 65 7,820 90.5 220.6 84.0 208.5 2,120 27.0 
fF 341 28,900 96.1 226.0 77.2 16140 9,000 65.0 
l4P 426 4,900 --- 216.6 92.0 208.0 1,420 24.088 
15F 2650 91,500 99.5 203.0 112.5 147.0 76,200 346.0 
22F 1038 65,406 99.5 224.5 108.0 171.0 32,600 164.0 
23F 1132 71, 500 98.5 228.0 97.5 160.5 32,400 177.0 
24F 800 64,400 98.5 244.0 93.5 174.0 23,800 139.0 
29F 1100 63,600 99.5 214.0 69.7 147.5 28,600 163.0 
1 938 47, 500 101.0 196.4 92.0 142.7 24,380 144.0 
2 687 43,700 100.6 194.0 92.5 141.7 23,000 134.0 
3 756 42,700 98.0 194.6 87.5 144.0 19,400 128.8 
+ 427 32,100 98.0 204.1 73.5 148.7 10,480 78.5 
5 1302 66,700 98.7 210.4 99.5 150.7 36,450 196.0 
6 816 54,900 96.6 221.5 89.3 156.7 22,400 131.5 
7 750 52,000 98.1 222.0 87.3 156.8 20,580 119.3 
8 751 51,100 103.0 219.2 84.5 152.5 19,820 117.8 
9 641 48,200 98.8 224.4 83.8 159.0 17,350 108.2 
10 540 44,300 97.5 230.5 80.5 162.5 14,600 94.5 
10d 237 15,250 94.5 209.8 71.0 135.2 5,360 29.5 
ll 493 30, 500 94.0 191.9 74.6 136.5 11,460 78.4 
12 483 29,450 97.5 133.3 76.5 127.5 11,400 73.8 
13 600 34,900 97.5 194.9 79.8 138.0 14,460 88.8 
14 312 19,950 97.8 201.8 83.0 147.0 7,940 40.9 
15 159 9,950 90.0 213.1 79.0 141.7 3,880 20.0 
16 137 9,400 88.5 212.8 77.5 146.5 3,370 19.4 
17 2360 53,400 99.7 166.6 104.8 127.4 60,800 290.0 
18 2360 54,800 97.7 166.3 105.5 128.7 61,300 312.0 
19 2380 55,200 97.3 168.5 106.1 129.3 62,100 310.0 
20 700 36,400 98.5 189.4 84.8 136.8 17,130 102.0 
2 309 20,200 94.5 194.1 75.0 140.5 7,360 49.9 
22 146 10,150 90.8 207.9 70.5 140.2 3,380 20.4 
23 1348 57,100 96.8 194.7 95.8 138.2 33,600 183.0 
24 676 £8,400 98.7 200.6 84.0 139.3 21,650 129.2 
25 454 33,600 96.5 210.2 72.0 146.0 10,930 74.2 
26 454 33,600 96.5 209.3 70.3 144.3 10,740 73.7 
27 346 28,100 93.8 219.6 75.5 156.7 8,900 55.2 
28 284 23,900 95.5 222.6 73.8 158.0 7,300 48.5 
29 247 20,900 95.2 224.1 11.7 156.3 6,230 40.6 
30 246 20,950 95.5 223.3 70.0 155.8 6,160 41.3 
31 191 15,080 92.6 231.1 74.2 153.38 4,810 26.8 
34 231 19,670 92.5 223.9 1.8 157.2 $,820 38.3 
36 485 35,000 94.6 212.7 75.1 147.3 11,900 77.6 
37 239 19,820 93.8 225.8 73.7 156.8 5,740 39.3 
38 108.7 13,460 95.0 229.1 73.6 201.3 3,305 37.8 
39 108.5 13,530 96.1 227.6 1.7 199.8 $3,255 34.8 
45A 52.1 5,660 $2.2 218.0 82.6 391.0 1,630 16.9 
45B 50. 5,590 93.5 213.1 79.5 190.5 1,540 16.8 
46 57.5 6,500 91.5 213.8 61.5 177.7 1,680 16.8 
47 106.1 8,150 92.0 210.3 75.2 150. 2,700 16.9 
48 94.5 7,630 91.3 212.3 76.2 156.8 2,460 16.5 
49 74.6 6,810 92.0 216.4 60.6 172.0 2,105 15.8 
50 68.8 6,610 88.2 216.1 82.3 178.8 2,080 16.7 
§1 76.7 17,400 84.0 216.1 61.7 178.5 2,250 18.8 
52 229.0 27,700 94.0 246.4 76.7 197.5 7,150 57.3 
53 153.6 22,000 93.5 252.3 77.3 220.5 5,270 51.4 
S4 188.0 26,700 100.6 248.3 75.7 217.5 6,350 64.5 
55 187.5 26,650 101.5 247.5 75.5 217.4 6,350 65.0 
56 252.0 31,500 99.3 242.4 72.3 197.3 7,720 68.3 
57 342.0 35,700 100.1 240.4 74.8 179.2 9,750 70.0 
58 257.0 31,000 99.0 247.0 75.0 195.5 7,910 63.7 
59 148.5 16,900 100.7 230.0 75.7 189.2 4,440 37.8 
60 169.0 18,300 99.5 228.6 75.7 183.7 4,940 41.2 
61 211.0 21,000 101.1 224.0 74.1 173.5 5,830 46.5 
62 269.0 24,300 102.3 218.7 70.3 160.7 6,840 $1.9 
63 297.0 25,400 102.3 218.2 72.1 157.4 7,550 $3.8 
64 365.0 32,300 92.5 234.6 70.3 150.6 8.850 69.5 
36 102.2 13,020 103.8 234.1 77.3 204.4 5,300 32.9 


*Estimated from heat balance 


**Corrected to ty-t, = 140°F 
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presented in Appendix 3, represents fairly accurately the behav- 

ior of a system in which a steady unidirectional forced flow and 

free convection are superposed in the viscous region. By means 

of this equation, the Nusselt modulus, in the viscous region based 

on the logarithmic-mean temperature difference, may be predicted. 
In Equation [4] 


Gz,, = Graetz modulus, properties evaluated at the 
arithmetic-mean mixed temperature, 1, 


(S*) = product of Grashof modulus, utilizing tem- 


L 
perature difference between pipe wall and 
entering fluid, the Prandtl modulus and the 
ratio D/L. All properties evaluated at the 
tube-wall temperature, 


L wNuim 
Fy = sf (2) Gim (z) 
4Jo \L L 


Fs is a function which enters the equation because 
buoyant force on fluid becomes smaller as 
fluid approaches pipe-wall temperature; see 
Appendix 3 for a plot of F; as a function of 
TN Um 


Equation [4] was utilized to predict curve A in Fig.3. The 
experimental points are seen to fall, on the average, about 7 
per cent above the predicted curve. It is of interest to note that, 
for the case of heating water, as shown by curve A, the magni- 
tude of Nu, decreases with decreasing magnitudes of Re,, 
mainly because of the decrease in F'3, which is a partial measure 
of the free convection forces, rather than being due entirely to a 
lower forced-flow velocity (see discussion in Appendix 3). 

Application of the methods outlined in reference (4) indicated 
that the measured magnitudes of Nu,,, in the turbulent region 
were about 8 per cent below the predicted values (curve B, 
Fig. 3). 


EXPERIMENTAL Data, Pertopic FLow 


Having established the steady-unidirectional-flow performance 
of the vertical heat exchanger, several runs were made utilizing 
the reciprocating pump to provide a periodic variation in velocity. 
The pump stroke was kept constant and the speed of the pump was 
varied in a series of runs from 13 rpm to 265 rpm. This procedure 

yielded a range of Re,, from 2660 to 77,300, as shown in Table 2. 
The magnitudes of Ren are calculated by utilizing fluid properties 
evaluated at the arithmetic average mixed mean temperature 
of the fluid and a mean velocity determined by dividing the mean 


Aj 
§ 
Rem OR Rem 


Fic. 4 as a Function oF Reynoitps Moputus 
(The lines represent Nuim versus Rem steady-state-unidirectional experi- 


mental data; the points represent experimental values of Num versus Rem 
for periodic flow.) 
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fluid-flow rate by the pipe cross-sectional area. The magni- 


tudes of Hun have been corrected for the presence of the oxide 
scale, as outlined in Appendix 2. 

The points are shown plotted in Fig. 4. Within the range 
of frequencies utilized (13 cycles per min to 265 cycles per min), 
the frequency per se apparently has no direct effect. on the Nusselt 
modulus, the main variable being the velocity of the fluid. Fur- 


ther, if the Nusselt modulus Neem is plotted against the Rey- 


nolds modulus Rew, as defined, the points almost coincide (aver- 
age deviation, 10 per cent) with the steady-unidirectional-flow 
data. It should be noted particularly that at low magnitudes of 
Rem, the points fal! along the upper or “turbulent” branch of the 
steady-flow curve. The latter phenomenon is to be expected, 
for, the flow being of a transient nature, the turbulence existing 
in the fluid stream cannot be damped immediately, even at low 
magnitudes of the Reynolds modulus. Further, some cross- 
flow must take place in order to establish the nonuniform ve- 
locity across the tube diameter each time the flow starts from rest. 

As a preliminary conclusion, therefore, it may be stated that, 
at the low frequencies of velocity variation utilized in the tests, 
a fairly accurate estimate of the heat transfer may be made by 


utilizing directly the steady-flow data to obtain Nu» at the 


corresponding Reynolds modulus, Rem 

Closer inspection of the data, however, indicates the following 
general trends, which will be verified by a more careful analysis 
of the problem as follows: 


(a) The magnitudes of Nu are slightly higher than those 
of Nu, at low magnitudes of Rem. 

(b) The magnitudes of Num are slightly lower than those of 
Nu, at higher magnitudes of Rem 


ANALYSIS OF HEAT-TRANSFER PHENOMENON Dorina PERIODIC 
FLow 


During the evcle of velocity variation, produced by the recip- 
rocating pump (Fig. 2), the instantaneous magnitude of the 
Reynolds (Re,,;) modulus may be calculated. Thus 


Vn 
where 
0 = max SIN for 0<¢<r 
v=0 for r<o<2r 
Umax 1s defined by 
Q 
A, on Umax SIN dd (6) 
and thus 


The postulate is made that at each instantaneous magnitude of 
the Reynolds modulus, Re,,,, the corresponding magnitude of the 
Nusselt modulus is given by the curve of Nm,, versus Le, ob- 
tained for the steady-unidirectional-flow conditions. This pos- 
tulate has been used for the calculation of pressure drop in peri- 
odic flow (5) and is valid as long as the period of the cvcle of ve- 
locity variation is not too short. The flow will varv from turbulent 
to viscous along the upper branch of the steady-flow curve, for 
reasons which have been discussed previously. 

When, in the cycle of velocity variation, the fluid is brought 
to rest (or when it is flowing with very low velocity), free convec- 
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tion controls the rate of heat transfer. Under steady-flow condi- 
tions, with very low velocity, the fluid leaves the column at prac- 
tically the tube-wall temperature, and the Nusselt modulus would 
be predicted by Equation [3d] of Appendix 3. In the case of 
periodic flow, however, the fluid (even though it is at rest) re- 
mains much cooler than the tube wall due to its heat capacity. 
A simple calculation and experimental evidence reveals that, 
due to the heat capacity of the fluid, the temperature difference 
between the tube wall and the fluid (mixed-mean temperature) 
does not vary appreciably with time. Thus, free convection is 
much more pronounced during the zero-velocity period in the 
periodic-flow system than during the equivalent condition under 
steady flow. 

As shown in Appendix 3, the increase in Nu;,,, due to the large 
difference in temperature between the tube wall and the fluid, 
is readily accounted for by setting the function F, of Equation 
[4] equal to unity, for during periodic flow the decrease in buoy- 
ant force caused by the increase in fluid temperature is negligible. 
Thus the instantaneous Nusselt modulus for conditions of 
periodic flow in the viscous region may be expressed as 


3 0.84 
Gr Pr D 
1.75 | + ( ) | (7] 


Fig. 6 illustrates the curve of Nu;,,, versus Re,, utilized to evalu- 
ate instantaneous magnitudes of the Nusselt modulus for the 
case of periodic flow. It is to be noted that, (a) the “turbulent” 
branch of the steady-flow curve has been followed, and (b) the 


_magnitude of the Nusselt modulus approaches an asymptote of 


18.5, the magnitude predicted by Equation [7]. 

Having established the curve for the evaluation of Nu, 
it is a simple matter to plot Nw, for various magnitudes of 
Re. A typical curve of Nu,,,; and Re, versus crank angle is 
shown in Fig. 5. 

Graphical integration of the Nu, versus crank-angle curve 
will yield the time-average magnitude of the Nusselt modulus for 
periodic-flow conditions. This direct graphical integration is 
valid, since, as previously mentioned, the logarithmic-mean tem- 
perature difference between the tube wall and the fluid is inde- 
pendent of time. Thus 


2n 
1 
and 
(2)> 
Ren P = Re,,; de [9] 
Vm 2x Jo 


A plot of the resulting curve of Nuim versus Rem is shown in Fig. 6, 
to which the experimental points have been added. 

For the frequencies and velocity variations utilized in these 
experiments, it is noted that the effect of periodic flow is to in- 
crease the magnitude of the Nusselt modulus above the value 

obtained in steady flow, for a range of 300 < Re,, < 4500. For 
Re, < 300, since free convection controls the heat-transfer 
phenomenon, no effect of periodic flow is noted. The increase 
in the Nusselt modulus for Re,, > 300 follows in the first place 
because, due to free convection, heat is transferred while there is 
no forced flow, and in the second place, although Re,, < 2000, 
instantaneous magnitudes of Reynolds modulus may extend into 
the turbulent region during a cycle of operation. The decrease 
in the Nusselt modulus at high magnitudes of the Reynolds 
— 
modulus (Re,, < 4500) occurs because the instantaneous magni- 
tude of the Nusselt modulus does not increase linearly with 
Reynolds modulus, but at a somewhat lower rate. 
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(Curve A represents Nuimé versus Remi obtained from the steady-unidiree- 


tional-flow test results, i.e., Nutm versus Rem; and curve B represents Nulm ver- 


sus Rem for the periodic case ec tay aa by utilizing curve A. The points 
are experimental data for periodic fluid flow.) 


Although fairly satisfactory predictions result from the concept 
of an instantaneous Nusselt modulus determined by the steady- 
flow curve, it must not be concluded, without further evidence, 
that the same reasoning would be applicable to cases in which the 
frequency of velocity fluctuation was much higher than that 
used in these experiments. 


CONCLUSIONS 


For the type of velocity variation utilized in these experiments 
it has been shown that steady-unidirectional-flow heat-transfer 
results may be utilized to predict heat-transfer performance under 
conditions of periodic flow: 

(a) As a first approximation the steady-flow data may be 

— 
utilized directly, replacing Re, by Re, and obtaining Nuj., 
from the steady-unidirectional-flow curve. 

(b) For a more precise and rational method, the steady-uni- 
directional-fluid-flow data may be utilized to predict instantane- 
ous magnitudes of the Nusselt modulus at any point in the cycle 
of velocity variation. The time-average Nusselt modulus may 
then be obtained by graphical integration. 


Appendix 1 


DescripTION OF Heat ExcHANGER 


The main element of the experimental equipment (2) wasasmall 
vertical heat exchanger, Fig. 7. The test section consisted of a 
0.422-in-ID copper tube with an effective heating length of 4.44 
ft. A 3-in-diam tin-plated steel tube separated the inner 
and outer sections of the heat exchanger, allowing the outer por- 
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tion to act as a thermal 
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TABLE 2 EXPERIMENTAL DATA, PERIODIC FLOW 


jacket. The steam which con- 


Pum ~ 
tw to RPM Remy Wu, 


densed on the copper tube 
was collected and weighed. 


Run WwW Yo 
1 
The steam which condensed 


64,000 97.0 


3S 1820 72,900 107.0 
on the outer shell was drained 4s 366 30,000 109.0 
into the sump. 5S 2840 85,200 106.0 
Temperatures were meas- 6S 810 57,100 99.0 
ae 78 1080 64,700 106.0 

ured at 12-in. intervals along 
8S 2850 84,000 104.0 
the copper tube by means of 98 2180 77,500 107.0 
five thermocouples con- 10S 564 42,200 94.0 
structed of No. 24 iron-con- 16F 1042 57,900 98.5 

duplex wire. The wire was OSPF 79 10,220 98,0 


inserted in an 0.08 X 0.08-in. 26F 162 
milled groove, 2.5 in. in 27F 224 
length, cut longitudinally in 28F 415 


15,950 95.5 
18,900 98,0 
24,700 97.5 
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the wall of the copper tube. The end of the thermocouple was 
peened into the copper wall at one end of the groove and the wire 
was covered with a bar of copper which was soldered in place and 
then filed flush with the outer surface of the pipe wall. The 
thermocouple leads emerged from the tube wall and the end of 
the groove opposite that at which the junction was made. This 
construction reduced errors caused by conduction of heat away 
from the thermocouple junction. 

The inlet fluid temperature was measured by means of a No. 24 
iron-constantan thermocouple placed in the fluid stream before 
the calming section. 

The outlet fluid temperature was measured similarly in a mix- 
ing chamber provided at the discharge side of the heating section. 
Steam pressure was measured by means of calibrated Bourdon 
gages. Steam quality was measured with a throttling calorimeter. 
The steady-state velocity distribution in the test section was 
established by the use of a 60-diam fiber-tube calming section. 


240.5 78.0 144.5 100 23,400 100 123 
221.5 118.5 158.5 185 56,400 170 158 
217.5 75.5 157.5 55 9,360 61.4 69.5 
199.5 107.5 137.5 265 77,300 218 362 
234.0 88.0 158.5 98 22,000 104 127 
223.5 83.5 143.5 125 7,100 118 148 
201.0 106.0 135.5 265 6,300 205 341 
204.5 107.0 142.5 220 60,300 192 298 
213.0 74.5 149.5 70 13,800 86.0 100 
221.0 95.0 150.5 150 28,200 121 153 
212.0 79.5 150.0 48 8,520 50.2 56.2 
186.§ 75.5 120.5 90 17,350 87.3 103 
227.0 83.5 213.0 13 2,660 34.8 36.5 
218.0 79.0 117.5 24 4,570 39 42.1 
215.0 79.0 163.5 33 5,950 42.9 47.1 
205.5 78.5 138.0 60 9,700 52.7 59.6 


Appendix 2 


CoRRECTION FOR OXIDE SCALE 


The formation of a thin layer of oxide on the inner surface 
of the copper tube was unavoidable. For the steady-unidirec- 
tional-flow runs, the value of this added resistance was estab- 
lished by plotting the reciprocal of the observed Nusselt modu- 
lus (Nupo) versus the reciprocal of the Reynolds modulus (Re,,)®-*° 
Extrapolation of the resulting straight line yielded the scale re- 
sistance (6). The equivalent Nusselt modulus Nug of the scale 
resistance is tabulated in Table 3. 


TABLE 3 EQUIVALENT NUSSELT MODULUS OF SCALE 
RESISTANCE 


Runs NurR 
695 


The corrected Nusselt modulus is then calculated by means of 
the relation 


Nuo Nu (2a) 


Nu, = = 
— 
Magnitudes of Nu,, are tabulated in Table 1. 

For the periodic flow, the corrections for scale resistance are 
slightly more complicated. A graphical integration of the in- 
stantaneous observed magnitudes of the Nusselt modulus is neces- 
sary. Then 


Num = Nu [2b] 
Ulm uo 
where 
Nur 
Nuns = .. [2c] 


Magnitudes of Num are tabulated in Table 2. 


Appendix 3 


Equation FoR Heat TRANSFER IN THE Viscous REGION 
Loc-MEAN TEMPERATURE DIFFERENCE 


It is usually customary to utilize the arithmetic-mean tem- 
perature difference in defining the Nusselt modulus in the vis- 
cous region, but occasions arise in which the log-mean tem- 
perature difference must be utilized. 

In reference (7), an equation is derived for the Nusselt modulus 
in the viscous régime, utilizing the arithmetic-mean tempera- 
ture difference. The resulting equation is 
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Gr Pr 
Nuem = 1.75 Gz,, + 0.0722 .. 


where 
Neagm = Nusselt modulus based on arithmetic-mean tem- 
perature difference 


F, = [30 | 


ke 


F, is a function which enters the equation because of the 
use of the arithmetic-mean temperature  differ- 
ence in evaluating the unit thermal conductance 


4 Jo L 


F,; is a function which enters the equation because the buoy- 
ant force on the fluid becomes smaller as the fluid 
approaches the pipe-wall temperature 

Gr Pr D 


) = product of Grashof modulus, utilizing tem- 


perature difference between pipe wall and 
entering fluid, the Prandtl modulus of fluid, 
and the ratio of D/L. All properties are 
evaluated at wall temperature 
Graetz modulus based on mixed mean tem- 
perature 

A slightly modified analysis readily reveals that, if the logarith- 
mic-mean temperature difference is utilized instead of the arith- 
metic mean, the magnitude of the Nusselt modulus is given by 


Gr Pr 
Ninn = 1.75 Gz,, + 0.0722 Fs [3d | 


Gz, = 


FUNCTION 


RATIO 


Fie. 8 Function F3, Equations [3d] [3e], TERMS OF — 
m 
| 
” 
J 
3 
| | 
1000 
GRAETZ MODULUS - G2. 
Fig. 9 NussgeLtt MopuLus Num BASED ON LoGariTHMIc TEMPERA- 
TURE DIFFERENCE PRESENTED AS FUNCTION OF GRAETZ Mopuwutvrs, 
4 Gr Pr D 
3 Gzm WiTH AS PARAMETER 


where 


Term F; is similar to F; and represents a function which enters 
the equation because the buoyant force on the fluid becomes 
smaller as the fluid approaches the pipe wall temperature. 

A plot of F; as a function of x Nu,,/Gz,, is shown in Fig. 8 
and a plot of Equation [3d] is shown in Fig. 9. Magnitudes of 
the function F; are tabulated in Table 4. 


TABLE 4 MAGNITUDES OF FUNCTION PF; 


292° 


S8828 


A study of the curves shows that the decrease in Nu, at lower 
magnitudes of Gz, observed by many experimenters, evidently 
is not wholly due to the effect of decreasing forced velocity 
but also due to the decrease in the buoyant force of free convee- 
tion (i.e., decrease in F; at low magnitudes of Gz,,). The pre- 
dicted curve, shown in Fig. 3, is based on Equation [3d] for a 


Gr Pr D 
magnitude ot ( nt A ) = 1.05 X 10° which is the average 


of the observed experimental values. Several experimental 
points are shown in Fig. 9. 

As discussed in the text of the paper, when periodic flow exists, 
not enough time is available during the low-velocity portion of the 
cycle for the fluid to reach steady-flow temperatures. Thus 
the decrease in the buoyant force, which results at low steady 
velocities, due to the heating of the fluid to a temperature ap- 
proaching that of the tube wall, does not take place during 
periodic flow. 

As a good approximation, in periodic flow, even at low mag- 
nitudes of Graetz modulus (Gz),,; (in the limit Gz,,; = 0), F3 can 
be assumed to remain unity. In other words, because of the heat 
capacity of the fluid, the value of Nu;,,; at low magnitudes of 
Graetz modulus (Gz,,;) does not follow the curves shown in Fig. 
9 but moves along a curve given by 


Gr Pr D\*"** 
Nitin = 1.75 + 0.0722 | 
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Discussion 


J. H. Marcuant.® In this paper there are certain questions 
such as the assumption that the liquid velocity is a sinusoidal 
function of the pump crank angle, the possible effects of cavita- 
tion, etc., which limit any far-reaching conclusions from such ex- 
perimental work. While at first sight, this work might not ap- 
pear to be directly connected with the periodic heat-transfer 
problems of the internal-combustion engine, it is a sound, 
straightforward step toward that goal, and we all would like 
more information of this sort from the authors using compressible 
fluids. 

If there is any criticism of this paper which the writer might 
offer, it is that it is too concise to be of greatest usefulness to the 
average engineer who might desire to use the results contained 
therein. 

So, rather than criticize, the writer should like to present some 
experimental results which he obtained some years ago at 
Columbia University, which serve to confirm the authors’ con- 
clusion that in both isothermal and nonisothermal systems there is 
a transition region within which the Nusselt modulus depends 
upon flow conditions which are not described completely by the 
magnitude of the Reynolds modulus. 

It might be added that the purpose of the preliminary experi- 
ments herein described was to introduce a third mode (forced con- 
vection) into the mechanism of heat transfer through a control- 
ling film resistance. 

Consider the case of heat transfer from the outer surface of a 
steam-condenser tube to the water flowing through it. It is 
generally conceded that the heat transfer through the boundary 
layer on the water side (inside) of the tube is effected by means of 
the conduction and radiation modes only. In other words, the 
convection mode plays little or no part in the transfer of heat 
through this inner boundary layer which is immediately in con- 
tact with the inner surface of the tube wall and effectively at rest 
with respect to it. 

If a uniform pressure is suddenly applied across the inner cross 
section of this condenser tube in an opposite direction to that in 
which water is flowing, each of the various concentric annuli of 
water will be accelerated in a direction opposite to that of the 
flow for the duration of the application of this pressure. This 
backward acceleration of the various annuli of water will diminish 
the forward speed of some of them, bring others to rest, and give 
still others a definite speed in the opposite direction, depending, 
among other things, upon the magnitude of the initial speed of 
these various annuli before application of the pressure. Because 


¢ Engineer, Pratt and Whitney Aircraft, East Hartford, Conn. 
Mem. A.S.M.E. 
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of the large velocity gradient existing in the water near the inner 
wall of the tube, the annuli of liquid near this wall will tend to be 
stripped off by the application of the pressure. 

This stripping of the outer annuli of liquid in the neighborhood 
of the inner surface of the condenser tube, due to the interruption of 
the stream of water, can be demonstrated readily for the case 
of laminar flow. In other words, if the flow through a standard 
Reynolds apparatus is interrupted by opening and closing the 
outlet valve leading from it, this stripping effect is made per- 
fectly apparent by the convolutions of the threads of color which 
develop near the inner wall of the tube when the outlet valve is 
suddenly closed.” 

Due to the small temperature differences which exist between 
the tube wall and the water within, it is reasonable to assume 
that only a small fraction of the heat is transferred by radiation. 
Moreover, since the boundary layer of liquid immediately in con- 
tact with the inner surface of the tube is sensibly at rest with re- 
spect to the tube, the convection mode plays no part in the heat 
transfer which takes place through this inner-surface boundary 
layer, that is, in the case of steady flow, the heat transfer through 
the inner-surface boundary layer to the liquid within is effected 
almost entirely by conduction through this boundary layer. 

In attempting to introduce the convection mode into the heat 
transfer which takes place through this inner-surface boundary 
layer, pressure was periodically applied to the stream of water 
flowing through the tube by interrupting the flow of the water 
itself. Effectively, this increases the pressure head at a given 
section in the liquid by an amount approximately equivalent to 
the corresponding velocity head which obtained at this section 
when the flow was steady (before interruption). These periodic 
pressure variations produce a forced circulation among those 
annuli of water in the neighborhood of the inner surface of the 
condenser tube. The efficiency of this stripping action in pro- 
moting forced convection in the water-side boundary layer is, 
among other things, evidently a function of the frequency and 
mode of interruption of the stream of water, the boundary-layer 
thickness, and the vibration characteristics of the system as a 
whole. 

Whether or not these annuli include part or all of the inner- 
surface boundary layer is for the present a matter of conjecture. 
For certain flow patterns, however, there is evidence which seems 
to indicate that at least an inner portion of the inner-surface 
boundary layer is stripped. 

The apparatus used in these preliminary experiments consisted 
of a horizontal concentric double-tube heat exchanger. The 
inner tube (test section) was of 1.25-in-ID wrought-iron pipe, 
60 in. long. Temperatures were measured to within 1 deg F; 
and the data were checked by suitable heat balances which com- 
pared heat rejected to the water with latent heat of condensate. 

After passing through the heat exchanger, the stream of cooling 
water passed through two inlet valves of a Model “A” Ford auto- 
mobile engine which operated in parallel and in phase, and thence 
through the single inlet port of the engine block to a weighing 
tank. The valves, which were spring-loaded, were upstream of 
the flow which they were used to interrupt, and the cams which 
actuated them were of the quick-opening-and-closing type, de- 
signed for sharp cutoff. 

Over-all heat-transfer coefficients were determined over a 
range of a Reynolds moduli of from approximately 400 to 100,000 
(consistent units) under steady-flow conditions and at water pul- 
sation rates of 10, 25, and 60 cycles per min. 

The over-all heat-transfer coefficients and the Reynolds moduli 
were computed in terms of the arithmetical mean of the inlet- 
and outlet-water temperature. Mean mass-flow-rate velocities 


7 This stripping phenomenon, which was demonstrated to the writer 
by Dr. Hunter Rouse, suggested this problem to him. 
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were also used in calculating the Reynolds moduli. The results® 
of these experiments are shown in Fig. 10 of this discussion. 

Some conclusions which may be drawn from these data are as 
follows: 

1 There is a transition range within which the over-all heat- 
transfer coefficient depends upon flow conditions which are not 
entirely described by the magnitude of the Reynolds modulus. 

2 In heat exchangers in which the flow pattern is laminar 
under steady-flow conditions and the controlling thermal resist- 
ance is on the liquid side, it might be practical to pulsate the 
liquid and take advantage of the larger over-all heat-transfer coef- 
ficients in spite of the larger pumping losses associated with the 
pulsating flow. 

3 The over-all heat-transfer coefficient was not affected by 
pulsation of the water over the range of frequencies investigated 
when the flow was turbulent. 

4 The increase in over-all heat-transfer coefficient observed 
when the water was pulsated at low Reyaolds moduli is probably 
due to the addition of forced convection to the two normal modes 
(conduction and radiation) by means of which heat is transferred 
through what would correspond to the inner-surface boundary 
layer under steady-flow conditions. 


W. R. Wrxorr.* In Fig. 3 the authors have presented con- 
siderable steady flow data showing two separate curves for values 
of the Reynolds modulus below 10,000. On these tests, the tube- 
wall temperature varied from 166 F to 252 F. These data have 
been replotted by the writer giving special marking to points on 
which the tube-wall temperature exceeded 220 F. It is seen that 
the upper branch of the replotted curve is composed mainly of 
high wall-temperature points, and the lower branch is composed 
of low wall-temperature points. 

The test fluid (water) was under 15 lb psi gage pressure which 
corresponds to a boiling point of about 250 F. A tube wall tem- 
perature of 220 F seems to affect the turbulence, however. Thus 
it seems that high tube-wall temperatures are conducive to turbu- 
lence, but the explanation is not clear. 


8 The low values of the over-all heat-transfer coefficients were due 
to very heavy scale deposits on both sides of the inner tube. 
* Pratt & Whitney Aircraft, East Hartford, Conn. 
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(Experimental Nusselt Modulus Nuim as a function of Reynolds Modulus 
Rem for steady unidirectional flow, showing an effect of tube wall tempera- 
ture upon turbulence.) 


CLOSURE 


The results presented by Mr. Marchant are very interesting 
and it is gratifying that his data on the whole substantiate 
the main conclusions reached by the authors. 

The details of the mechanism of heat transfer during pulsating 
flow presented by Mr. Marchant agree well with those visualized 
by the authors, with the following exceptions: 

1 Radiation in liquids is negligible, since liquids are opaque 
to infrared radiation. 

2 For the “periodic” flow, utilized by the authors, in contrast 
with the “‘pulsating” flow utilized by Mr. Marchant, the laminar 
sublayer is not subjected to a sudden stripping action but varies 
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in thickness gradually, due to the changes in the mean velocity 
of the fluid passing through the pipe. 

An important limitation to the applicability of the methods 
of analysis presented in this paper must be mentioned. If the 
mean velocity of flow in a pipe at any time becomes negative 
(i.e., flow reversal) the velocity calculated from the ratio Q/A 
can no longer be used to estimate the Nusselt modulus from 
steady-flow data. This limitation becomes clear when flow 
with zero mean velocity, but large fluctuations from the mean, 
is considered. The estimate of Nu from the steady-flow curve 
at the zero mean velocity would obviously be much too low. 

The graphical method, on the other hand, may be utilized 
readily when the flow is largely turbulent, if the velocity is always 
plotted as a positive quantity, even during flow reversal, for the 
rate of heat transfer depends on the magnitude and not on the 
direction of the flow. The latter statement does not hold for 
viscous flow (and in the transition and turbulent region—of 
low Reynolds modulus), however, for then free convection plays 
an important role in the heat-transfer mechanism. 

Mr. Wykoff has focused attention on a very interesting point 
concerning the test results. An inspection of the original data 
reveals that runs 1 F to 29 F were made with the water at atmos- 
pheric pressure, and runs 1 to 66 with the water under a 15-lb 
psi gage pressure. This fact explains the presence of the two 
low-wall-temperature points on the upper branch of the curve in 
Fig. 11. A possible explanation of the pronounced effect of 
wall temperature on the Nusselt modulus may be the following: 
A calculation of the Reynolds modulus of the water entering the 
heat-exchange section for the steady-flow runs, reveals that this 
“entrance”? Reynolds modulus is 2500 or less for all runs whose 
Re,, is less than 6000. Thus for the majority of the points in 
the transition region, the water entered the heating section flow- 
ing in the viscous region. If the flow was carefully controlled, 


and in particular if the tube-wall temperature was kept relatively 
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low, the viscous flow pattern persisted for an appreciable distance 
down the tube before transition into turbulent flow. Data ob- 
tained for such runs lie in the lower branch of the curve. It is 
noted that for some of the runs, at the lowest magnitudes of the 
Re,,, viscous flow existed in the major portion of the tube even 
though the Re,, was over 2000. As the Reynolds modulus at 
entrance is increased in magnitude, the transition to turbulent 
flow occurs closer and closer to the entrance of the heating sec- 
tion, and therefore the points along the lower branch of the curve 
approach the completely turbulent-flow asymptote. 

When the wall temperature was very high, however, even 
though the Reynolds modulus at entrance was less than 2000, the 
rapid decrease of viscosity in the neighborhood of this tube wall! 
apparently caused the viscous flow to break into turbulent flow 
very soon after the water had entered the heating section. This 
rapid transition from viscous to turbulent flow is evidenced by 
the higher magnitude of Nu,,, obtained for runs in which the 
latter phenomenon occurred. It is evident that the mean Reyn- 
olds number Re,,, per se is not completely significant in the so- 
called transition region, since the magnitude of the Nusselt modu- 
lus in this range depends greatly on factors which cause the transi- 
tion from viscous flow, existing at the entrance to the heating 
section, to turbulent flow as the fluid passes through the tube. 

The Nusselt modulus as employed in this paper is a mean 
over the heat-transfer area. The unit conductance, however, is a 
point function and varies with the distance from the beginning 
of the heat-transfer section (an isothermal hydrodynamic calming 
section was provided), (1) because of the infinite temperature 
gradient existing in the fluid at the fluid-wall interface at the en- 
trance to the heating section, and (2) by virtue of the variation of 
fluid properties (viscosity) which in turn change the flow distribu- 
tion from point to point along the tube. Utilizing mean Nusselt 
and Reynolds moduli masks these effects. 


Theoretical and Experimental Investigations 


of Thin- Webbed Plate-Girder Beams 


By H. L. LANGHAAR,' SAN DIEGO, CALIF. 


A simple, semirational theory for the design of webs and 
flange rivets of thin-webbed rectangular plate-girder shear 
beams is presented. Calculations of shear loads to cause 
web rupture and flange rivet failure are compared with 
test data from twenty-seven beams. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


NX, Y = rectangular co-ordinates along and perpendicular 
to beam center line. The beam center line is 
defined to be the centroidal axis of the two flange 
cross sections 

A, = cross-sectional area of a web stiffener 

t = web thickness 

L = length of the beam 

h = beam depth between the centroids of flange cross 

sections 

b = spacing of web stiffeners 

d, = diameter of a web-stiffener rivet 

Pp, = pitch of web-stiffener rivets 

Ky, Ey, E, = Young’s moduli for flange, web, and web-stiffener 


metals, respectively 

moments of inertia of cross sections of tension and 
compression flanges about their respective hori- 
zontal centroidal axes 


| = moment of inertia of both flange cross sections 
about beam center line 
( = moment of area of either flange cross section about 


beam center line 
A, = cross-sectional area of all flange rivets per flange per 
bay, including stiffener end rivets 


\ = dimensionless constant, depending upon beam di- 
mensions and materials 
F,, = ultimate tensile stress for web metal 
F,, = ultimate shearing stress for web metal 
a = angle of principal stress, measured from beam 
center line 
K, = experimentally determined web-stiffener rivet 
factor 


principal tensile strain in web 
strain tensor for web 


6 = deflection of free end of beam 
S = shear load carried by beam 
P, = load per bay carried by flange rivets 
7,, ¢y, 7 = stress tensor resulting from shear load S 
a = diagonal tensile stress due to shear load S 


t- = buckling shear stress for a panel 
(a stress-ratio factor) 
value of r to cause diagonal-tension rupture of web 


= 


Structural 
Corporation. 
Contributed by the Aviation Division and presented at the 
Semi-Annual Meeting, Los Angeles, Calif., June 14-17, 1943, of Taz 
AMERICAN Society OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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« = Value of 7 to cause shear rupture of web 
the lesser of two values 7,, and r,, 
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INTRODUCTION 


The theory of the diagonal-tension type of beam, which was 
initiated by H. Wagner in 1929, and which has been modified 
and extended by numerous other investigators,? is yet not ade- 
quate to give complete and accurate design information. An 
exhaustive theory must await the determination of the stress 
distribution in a rectangular panel that is maintained in a buckled 
state by opposing couples applied to its bordering frame. Un- 
fortunately, the solution of this problem is obstructed by the 
nonlinearity of the differential equations for a deflected plate, 
although, due to the developable character of the wrinkle pattern 
in the center portion of a panel, the nonlinear terms become sig- 
nificant only in the boundary region. This fact possibly accounts 
for the so-called “gusseting effect,” which is exhibited by a transi- 
tion from diagonal] tension to a more complex stress distribution 
near the boundary. 

In the present study, no account has been taken of the varia- 
tion of stress within a panel. However, fair agreement with ex- 
perimental results is obtained and, in contrast to most of the ex- 
isting theories on thin-webbed beams, no modification is needed 
for those cases in which the stiffener spacing exceeds the depth. 


SHEAR IN THE WEB 


The acting shearing® stress 7 in the web is approximately equal 
to QS/It, in which the section constants Q and J refer to the 
flange cross sections alone. Since, for the beams used in aircraft 
structures, 7/Q is practically equal to the depth A, it follows that 
the stress 7 is also given by 


It is evident that the section constants J and Q for the flanges of 
a thin-webbed beam differ but slightly from the corresponding 
constants for the entire beam cross section. Consequently, the 
shearing stress given by Equation [1] is approximately correct, 
even though the web does not buckle. 


Wes Rupture 


Web rupture is the phenomenon of failure under the action of 
combined stresses, and, accordingly, an exact analysis must call 
upon one of the several theories of the cause of rupture in metals. 
However, in the present study, failure is attributed either to shear 
or to diagonal tension. 

Rupture by Shear. The allowable shearing stress r,,, as de- 
termined by the ultimate shearing stress F,,, is obtained by re- 
ducing F,, by a rivet factor. The empirical factor 0.90 (1 — 
d,/p,) is recommended for 248-T aluminum alloy. This may be 
regarded as the product of a rivet-pattern factor (1—d,/p,) and a 
rivet-hole stress-concentration factor 0.90. It follows 


? Refer to Bibliography at the end of the paper. 
3 See reference (10). Due to Vierendeel-truss action of the frame 


of the beam, this-formula is slightly conservative. 
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In exceptional cases, the inner row of flange rivets has a smaller 
spacing factor than the stiffener rivets, and, in these cases, the 
flange-rivet factor should be used for determining 7,,. It is to 
be noted that 7,, is the ultimate shearing stress for the web, only 
when this stress is more critical than the diagonal tensile stress. 

Rupture by Diagonal Tension. Before the web buckles, the 
diagonal compression stress is equal to the shearing stress r. It 
is assumed that the diagonal compression stress remains constant 
after the buckling. Then the principal stresses in the buckled 
web are o and —7,,. Hence by rotating axes through an angle 
a, the following equations are obtained: 


r = (o + 7,,) SIN @ COS @........44:: (c) 


The ultimate value for the tensile stress ¢ is obtained by reduc- 
ing F,, by a rivet factor K,. It follows from Equation [3c] that 
the allowable shearing stress determined by diagonal tension is 


Tie + Teo) SIN COS 


The allowable shearing stress r,,; for web design is the smaller of 
the two values 7,, and 7,, given, respectively, by Equations [2] 
and [4]. 

A chart (Fig. 1) for the stiffener rivet- 
hole factor K, has been constructed 
from test data obtained by tensile rup- 
tures of 0.030-gage 24S-T alclad sheets 
with single inclined rows of '/s-in-diam 
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However, in these cases, it is usually found that 7,, is less 
than 


SELECTION OF FLANGE RIVETS 


The flange rivets are subjected to horizontal and transverse 
loads with respective intensities rf and o,f. Consequently, in 
view of Equation [3b], the load per inch carried by the flange 
rivets is 


t V7 + (r tan a — 7,,)? 


and the net load carried by the flange rivets in one bay is 


P, = bt + (r tan a — 


It is assumed that the stiffener end rivets may be included with 
the flange rivets in the calculation of the rivet area required to 
support this load. 


ANGLE OF PRINCIPAL STRESS 


For the application of Equations [4] and [5], the angle a of 
principal stress must be determined. Accordingly, attention is 
focused on a single line Q-Q of diagonal tension in the web, Fig. 
2. If the flange deflections at opposite ends of the line of tension 
are 6, and 4:, then the average strain on the line of tension is 


= h-*(53 — Sim? 


The deflections 6, and & result from the shear deflection of the 
beam‘ and from secondary deflections due to sagging of the 
flanges and compression of the web stiffeners. 

Neglecting end effects, the shear deflection at the section X, 
Fig. 2, is 5L~'X, where 6 is the shear deflection of the free end of 
the beam, and L is the length of the beam. Hence 


6, = + 6,’, = + h cot a) — &’...... 


in which 4,’ and 6,’ are the secondary deflections of the respective 
flanges. It follows from Equation [6] 


e = [5L—! cot a — + sin? a 
e = sin 2a—h7! 8’ sin? a.............. 
= 5,’ + 8,’ 


Since the direction of principal stress is that of maximum strain, 
the derivative of « with respect to a must vanish. Accordingly, 


or . (8) 


where 


‘ Deflection caused by bending of the beam is neglected, since 
bending stresses are assumed to be carried by the flanges alone. 


holes. In exceptional cases, the inner 


= =~ aod 
| 


row of flange-rivet holes becomes criti- 
cal, and then a should be replaced by 
(90 deg — a) for the determination of 
K, from Fig. 1. 

The buckling stress 7,, is given by 
the well-known formula r,, = K,E(t/b)*. 


Values of the factor K, may be ob- 
tained from Fig. 1-6, ANC-5, 
1942 edition. The assumption of 


simply supported panel edges will 
cause only a small amount of conserva- 
tism in the results. If the stress r,, 
exceeds the shear yield stress, then a 
reduced modulus E should be ased 


Fig. 2 IN 
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Equation [8] yields 
[9] 


The term 45’ in Equation [9] represents the mean value of the 
lateral contraction of the beam. Hence 4'/h represents the mean 
lateral strain —e,. The ratio 6/L represents the mean shearing 
strain 2y. Accordingly, Equation [9] may be written 


This result might have been anticipated at the outset, since 
Equation [9a] is merely the elementary formula which expresses 
the angle of principal strain in terms of the components of the 
strain tensor when the component e; is zero. However, the deri- 
vation of this result, in the present case, serves as a justification 
for the assumptions that are implied in the derivation of Equa- 
tion [8]. 

For the application of Equation [9], the lateral contraction 
5’ is broken into two components, 5” due to compression of the 


web stiffeners, and 6'’ due to sagging of the flanges. The first 
component is 

3° hbte, (10) 

since bie, is the compression load in a stiffener. The second com- 
ponent is 

1 1 

720K, 


This equation is obtained by the evaluation of the mean bending 
deflection of a flange, each flange being regarded as a continuous 
beam supported by the web stiffeners and uniformly loaded by 
the lateral web tension o,f. 

A characteristic beam constant \ is defined by 


It then follows from Equations [10], [11], and [12] 


Since o = Eye, it follows from Equation [8] 


sin? @ 
6/3’ = 2L | —— — 
/ + h ) eco [14] 
Hence by Equations [9] and [14] 


ch 
sin a cos @ 


tan 2a = 


With Equations [3c] and [13] this may be expressed 


2cese 2a — r 


tan 2a = 
a —r) sin a cosa 


+ tana 
in which r = 7,,/7r. This equation may be reduced to 
(A + 1) tanta = 


Equations [12] and [16] determine a. To facilitate the solution 
of Equation [16], Fig. 3 is given. Since r is a rather passive fac- 
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tor, it is recommended that the angle a at the ultimate web 
stress r,, be determined from Fig. 3 by an estimated value of r; 
say r = 7,,/25,000. 

In particular, if the web is a membrane, r = 0, and Equation 
[16] reduces to 


cota = [16a]}® 


Test RESULTs 


Tables 1 and 3 give descriptive constants for twenty-seven 
test beams, while Tables 2 and 4 give test results and computa- 
tions. All beams were 24S-T alclad, excepting web stiffeners, as 
noted in Table 1. For the determination of r,,, an average shear 
ultimate of 39,000 psi was assumed for 24S-T alclad, rather than 
the specified minimum of 34,000 psi. Values of F,, were obtained 
from test coupons. The so-called observed shearing stresses 
Ts. Were obtained from the observed ultimate loads S, by means 
of Equation [1]. 

With the exceptions of beams Nos. 12 and 14, the data of Table 
2 show close agreement between observed ultimate shearing 
stresses r,,, and calculated allowable shearing stresses 1,4). 


TABLE 1 WEB-RUPTURE SPECIMENS; 
DESCRIPTIVE CONSTANTS 


Beam Stiffener 

no. L h t b As iy rivets Fis 
1 80 30.1 0.025 9 0.116 0.232 5/2 @1.00 66750 
2 96 40.0 0.026 9 0.168 0.232 %/2 @1.00 66400 
3 60 16.1 0.050 4 0.115 0.428 #/% @1.00 64800 
4 52.5 10.4 0.052 8.5 0.134 0.108 */s @1.06 62100 
5 106 10.3 0.051 24 0.111 0.194 */z @0.94 65000 
6 66 10.0 0.050 14 0.116 0.128 */s @0.94 64100 
i 166 14.0 0.039 0.113 0.820 '/s @1.00 63600 
8* 72.2 14.0 0.041 17.8 0.359% 0.495 %/is @1.00 63100 
9 80 10.5 0.040 0.113 0.299 %/% @1.10 65050 
10 80 13.2 0.025 9 0.199 0.299 %/i @1.04 65000 
ll 80 10.6 0.052 12 0.262 0.385 *#/% @1.10 67200 
12* 62.5 10.7 0.050 8.5 0.359* 0.495 '/, @1.00 

13 79 11.9 0.027 15 0.125 0.385 *%/i @1.00 64400 
14 73 14.3 0.027 3.25 0.125 0.299 %/% @1.04 64000 
15 40 12.1 0.080 3 0.104 0.231 */% @1.00 65000 
16 40 14.2 0.089 3.25 0.148 0.288 #/i% @1.00 65000 
17 40 12.2 0.080 3 0.089 0.300 *%/s% @0.88 65000 


* Steel stiffeners. 


5 Refer to the Appendix. 
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TABLE 2 WEB-RUPTURE SPECIMENS; 
TEST RESULTS AND COMPUTATIONS 
No re r tana 1 — Kr Tsu Ttw 
1 18400 420 0.017 2.00 0.762 0.845 0.777 29600 25200 
2 27100 440 0.017 1.45 0.795 0.845 0.777 29600 25300 
3 22500 8350 0.300 1.73 0.815 0.812 0.763 28500 28300 
4 12100 3100 0.139 4.06 0.687 0.852 0.780 30000 24000 
5 9900 1740 0.093 37.60 0.401 0.834 0.773 29200 17900 
6 10580 1990 0.094 10.60 0.560 0.834 0.773 29200 21900 
7 13750 2840 0.113 2.09 0.770 0.845 0.777 29600 25200 
8 12200 790 0.037 2.64 0.725 0.812 0.763 2-500 23200 
9 10650 1780 0.070 3.46 0.695 0.830 0.770 29200 24400 
10 8100 570 0.023 1.27 0.825 0.820 0.767 28800 24800 
ll 13300 2490 0.104 3.28 0.710 0.830 0.770 29200 25600 
12 15850 2930 0.099 0.58 0.900 0.750 0.735 26300 25500 
13 7110 490 0.022 4.23 0.665 0.812 0.763 28500 22800 
14 12100 3700 0.118 0.71 0.885 0.820 0.767 28800 26200 
15 26900 38000 3 —s 
16 36800 40200 0.812 : 28500 
17 27400 38000 0.786 27700 
TABLE 3 FLANGE-RIVET-SHEAR SPECIMENS; 
DESCRIPTIVE CONSTANTS 
Flange 
Beam rivets Stiffener 
no. L h t b As iy per bay end rivets 
18 84 20.2 0.050 16 0.150 0.235 29 1/5 2 t/ 
19 78 30.1 0.040 9 0.156 0.180 15 1/s 2 */ 
20 57.5 20.4 0.050 3.5 0.132 0.385 5 M/s 2 3/s 
21 57.5 20.4 0.051 3.5 0.130 0.385 5 5/3 2 4/1 
22 57.5 18.5 0.051 3.5 0.130 0.385 5 and 
23 68 20.2 0.051 5 0.162 0.299 5 1/5 2 4/1 
24 78 20.2 0.054 7 0.194 0.299 13 4/x 2 4/ 
25 80 20.2 0.042 9 0.195 0.299 15 4/x 2 */u 
26 80 30.2 0.024 9 0.126 0.299 9 4/3 2 4/1 
27 80 30.2 0.062 9 0.266 0.299 11 1/3 2 */ 
TABLE 4 FLANGE-RIVET-SHEAR SPECIMENS; 
TEST RESULTS AND COMPUTATIONS 
Beam 
no. Sobs Tobs Ter r Xr tan a Pry Ar Pr/ Ar 
18 16200 16000 740 0.046 7.44 0.595 14600 0.411 3540 
19 24000 19900 1060 0.053 2.45 0.740 8680 0.239 36300 
20 27000 26400 10500 0.398 1.32 0.857 5080 0.116 43800 
21 30800 29500 10900 0.369 1.37 0.850 5850 0.151 38700 
22 22900 24300 13400 0.550 1.52 0.865 4590 0.108 42400 
23 17800 17000 7200 0.422 1.59 0.843 4700 0.116 40500 
24 16800 15350 4270 0.278 2.00 0.793 6540 0.145 45000 
25 12000 14150 1630 0.115 2.05 0.772 6390 0.159 40100 
26 13300 18100 500 0.028 1.75 0.778 4950 0.117 42200 
27 24600 13100 3300 0.252 2 23 0.780 8230 0.190 43300 


Since beams Nos. 12 and 14 are the only beams whose character- 
istic constants \ are less than unity, it is conjectured that the 
proposed method for determining the allowable shearing stress 
becomes conservative in this case. The reason for this circum- 
stance is not clear, but since the condition \ < 1 is unusual, the 
conservatism that it occasions in beam design is not important. 

All beams had A17S-T flange rivets. The ANC-5 allowable 
shearing stress for these rivets is 27,000 psi, whereas tests of lap 
joints with heavy sheets indicate ultimate rivet shearing stresses 
in the range 32,000 to 34,000 psi. By comparing these values 
with the ultimate rivet shearing stresses (P,/A,), computed in 
Table 4, it is realized that the proposed method of rivet selection 
(Equation [5]) averages 23 per cent conservatism, a margin of 
safety which is usually permissible in rivet design. The dis- 
crepancy may be partly due to gusseting effect, although, in most 
cases, it is observed that some margin of safety exists even when 
the lateral load o,t is entirely neglected. 


CONCLUSIONS 


1 The acting shearing stress in a thin-webbed beam is closely 
approximated by Equation [1]. 

2 The angle a of principal stress in a diagonal tension web 
is given by Equation [12] and Fig. 3. 

3 The allowable shearing stress 7,, in a thin-webbed beam is 
the smaller of the two values r,, and 7,,, given, respectively, by 
Equations [2] and [4]. The rivet factor K, is given by Fig. 1. 

4 The load per bay carried by the flange rivets is conserva- 
tively approximated by Equation [5]. In the use of this equation, 
the web-stiffener end rivets are included among the flange rivets. 
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Appendix 


It is interesting to see that Equation [16a] may 
also be derived from the principle that the angle 


25200 24400 ‘ 
25300 26000 of principal stress is that which entails the least 
24000 22300 strain energy. The strain energy of a membrane 
25200 25200 
23200 21200 t 
25600 24000 
25500 29600 
poses a Consequently, since o is constant, the strain en- 
28500 27800 ergy of the web in one bay is 
bhtr? 

- 2E,, a cos’ a 


The flanges may be regarded as continuous beams, supported 
by the web stiffeners. Therefore, the strain energy of bending‘in 
the flanges in one bay is 

+ 
An’ a 
Tn 


Tn 


The strain energy in a web stiffener is 


1 
1440E, 


U; = 


b*t*ho,? b*t*hr? 
= — van? ¢ 
 2E,A, 2 
Hence the total strain energy in one bay is 
— — | tan? af17 
The condition 0U/da = 0 yields 
bs 1 cos 2a 
\ = WE — | = ——— ..[18 


It is to be noted that the expression \ of Equation [18] is the same 
as that of Equation [12]. Furthermore by solving Equation 
{18] for a, one is again led to Equation {16a}. 
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Application of Turbine-Supervisory 


Instruments to Power-Generating 


Equipment 


By J. L. ROBERTS! ano H. M. DIMOND,? SCHENECTADY, N. Y. 


Proper application and use of turbine-supervisory in- 
struments promote efficient operation and prolong the life 
of power-generating equipment. Equipment is available 
to record turbine conditions in terms of shaft eccen- 
tricity, bearing vibration, shell expansion, speed, and 
camshaft position. A nonrecording interference detector 
may also be provided. The interpretation of typical 
records made by these instruments is a feature of the 
paper. Not the least important function of the records 
is the indication given of mechanical trouble in turbine 
or generator. Case examples of detecting incipient failures 
are included by the authors. 


T is becoming increasingly important that full advantage be 
taken of any equipment which will make possible the more 
efficient operation and prolong the life of power-generating 

equipment. Some years ago, the General Electric Company 
developed a line of turbine-supervisory instruments to indicate 
to the turbine operator, and to make a permanent record of, 
various mechanical conditions of the turbine. 

During the past few years many improvements and additions 
have been made to these original instruments. The equipment 
now records turbine conditions in terms of shaft eccentricity, 
bearing vibration, shell expansion, speed, and camshaft position. 
Also provided is a nonrecording interference detector. All these 
values are important in the proper operation of a turbine during 
starting, running, and shutdown periods. When unusual con- 
ditions are shown, the turbine operator will be able to make 
changes in his operating procedure to prevent unnecessary wear 
which might otherwise occur. 


Recorps OF STARTING SEQUENCE 


In Fig. 1 is shown a set of records taken at the time of a normal 
starting sequence on an 80,000-kw turbine. For easy reference, 
the various chart scales are printed at frequent intervals along 
the 4-in-wide turbine chart. The shaft-eccentricity and shell- 
expansion scales are linear. The bearing-vibration scale is 
logarithmic to enable accurate reading at the low-vibration end 
and still enable vibrations as high as 15 mils to be recorded on the 
same scale. The speed and camshaft-position recorder chart is 
marked with two sets of values: 


1 Speed in revolutions per minute. 
2 Camshaft position in per cent open. 


‘Turbine Engineering Department, General Electric Company. 
Mem. A.S.M.E. 

* Generai Engineering Laboratory, General Electric Company. 

*“Turbine Supervisory Instruments and Records,” by J. L. 
py and C. D. Greentree, Trans. A.S.M.E., vol. 58, 1936, pp. 

~614, 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 30—Dec. 4, 1942, of Tae AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Notg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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As the machine is being brought to speed the record made is 
referred to the speed scale for interpretation. After the machine 
is brought to synchronism and connected to the line, the speed 
is determined by the system frequency, and a speed record during 
this period would be of little value. Therefore upon closing of 
the line switch the recording of the speed and camshaft-position 
recorder is automatically transferred to camshaft position. The 
load on the machine and load effects of system disturbances are 
then clearly indicated by the per cent rotation of the inlet-valve 
camshaft. Opening of the line breaker for any reason will 
automatically return the recorder to speed indication. This is 
a valuable feature because in the case of an emergency opening 
of the circuit breaker, the amount of overspeed and the subse- 
quent stopping of the turbine are permanently recorded. 

Referring again to the normal starting sequence, shown in 
Fig. 1, the conditions at 4:00 a.m. are shown to be: 

(a) Shaft eccentricity on turning gear—4 mils (shaft-eccen- 
tricity record). 

(b) Some heat from previous operation is retained by the 
turbine shell as evidenced by the expansion (shell-expansion 
record). 

The speed record shows that steam was first applied to the 
turbine at 4:03 a.m. The speed was raised to approximately 
350 rpm and held during the warm-up period. During this 
time, the shell expansion changed very little and the eccentricity 
was constant at 3 mils. At 4:40 the turbine speed was gradually 
increased until full speed was reached at approximately 5:20. 
The eccentricity and shell-expansion changes were normal. The 
turbine was run at full speed for 30 min without load. The nota- 
tion indicates an oil-trip test of the emergency governor after the 
first 20 min of this period 

The machine was connected to the line at 5:48 a.m. and the 
speed and camshaft-position recorder automatically switched 
from speed recording to camshaft-position recording. The 
machine was then gradually loaded until full load was reached 
at 9:00 a.m. During the loading period, the expansion was 
uniform and the eccentricity and bearing vibration normal. 
The time, from the first steam application to the start of the 
loading period, was 1 hr 45 min. 

The starting records for the same machine under abnormal 
conditions, as shown in Fig. 2, indicate initial conditions to be: 

(a) Shaft eccentricity on turning gear—6 mils (shaft-eccen- 
tricity record). 

(b) The turbine shell retained more heat from previous 
operations than in the first case (shell-expansion record). 

Steam was first applied at 7:15 p.m. and the speed increased 
to about 300 rpm and held for 20 min. As the speed was in- 
creased to 1500 rpm, the eccentricity and bearing vibration 
increased much too far and the speed was reduced to 700 rpm. 
The speed was again increased to 1200 rpm and the eccentricity 
and vibration were still excessive, so speed was then reduced to 
500 rpm and held until temperature equalization had reduced 
the eccentricity to about 5 mils. 

The speed was again increased and at about 1400 rpm the 


j 
=a 


804 TRANSACTIONS OF THE A.S.M.E. 


\ 


— 
FY ECCENTRIcI - 
a 
44 
_ | ! 
i 
a 
Ra — 
| | 
| 
Qn Tumene 


ty 


SHAFT ECCENTRICITY 


BEARING VIBRATION 
Fig. 1 Recorps or STarTInG SEQUENCE or 80,000-Kw TuRBINE 


eccentricity and vibration started to increase rapidly. The 
speed was then reduced slightly and held at 1300 rpm until the 
vibration and eccentricity were both reduced. The machine 
was then brought to synchronous speed and connected to Ge 
line. The loading then proceeded as usual. 

If the machine had been brought up to speed under initial 
conditions, unnecessary wear on packings, bearings, etc. would 
have occurred, resulting in decreased machine efficiency. By 
the indications of the instruments, it was possible to know the 
condition of the machine and to allow necessary time for working 
out excessive eccentricity and vibration. During both of these 
starting sequences, the interference detector gave the operator 
a highly amplified “listening-rod” signal. 


WARNING OF MECHANICAL TROUBLE 


In addition to providing information essential to the operation 
of a turbine for minimum wear and strain, the turbine-super- 
visory instruments will, in many cases, give warning of the 
development of some mechanical trouble. Of considerable 
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interest are the cases herein described in which unnecessary 
expense and serious damage to the turbine-generator, due to 
mechanical failure of some part, has been averted by heeding the 
warning given by the turbine-supervisory-instrument records. 

Fig. 3 shows the vibration and eccentricity records from a 
turbine in which certain conditions of load, oil temperature, etc. 
produced considerable shaft whip. The gradually increasing 
band width of the eccentricity record indicates that there is 
some movement of the shaft other than the cyclic movement 
caused by a constant value of eccentricity. This erratic move- 
ment gradually increased until it broke into a definite whip. 
At point A on the record, this increasing eccentricity indication 
enabled the operator to change operating conditions, thus pre- 
venting the whip. Forewarning of the shaft whip was given only 
by the indication of the turbine-supervisory instruments. In 
this case the turbine-supervisory instrument not only indicated 
the unsatisfactory condition but provided a means for studying 
the possible cause. 

The eccentricity record shown in Fig. 4 was taken on a 40,000- 
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Fie. 2 Startina Recorps For 80,000-Kw Tursins ABNORMAL CONDITIONS 


kw turbine and illustrates another warning of approaching 
trouble. The eccentricity recorder suddenly began to draw a 
wide band as shown in the first part of section A. At intervals 
during the day, the records show sudden changes in eccentricity 
and also increased band width of the record. The machine 
was shut down for a preliminary inspection and nothing was 
found wrong. An attempt to load the machine again resulted 
in a record shown at C in Fig. 4. The machine was again shut 
down and a more thorough inspection revealed that several 
buckets were broken. It is concluded that the sudden changes 
in the eccentricity records were caused by the breaking of the 
buckets. Had it not been apparent from the chart records that 
some unusual condition existed, it is probable that extensive 
damage would have resulted. 

The sections of turbine-supervisory records shown in Fig. 6 
were taken on a large turbine. The records show that although 
the eccentricity, shell expansion, and load were very nearly 
constant, the vibration gradually increased. For illustration, 
small sections of the charts taken at 24-hr intervals are shown. 
This gradual increase continued for several days until the engi- 


neers ordered the machine shut down for inspection. The ma- 
chine was stopped and checked, and a subsequent attempt to 
start the machine resulted in the high vibration and eccentricity 
shown in the last section of the record. Upon a more detailed 
inspection, it was found that a crack was developing in the 
generator-field shaft. 

Without the warning given by the supervisory instruments, 
this crack could have progressed until complete failure resulted. 
The vibration increase was so gradual as to be unnoticed except 
for the indication of the recorder. The permanent record also 
showed that the increase was steady. Such a set of data could 
not have been obtained by any of the other vibration-checking 
procedures commonly used. It is the opinion of the engineers 
concerned with this particular incident that considerable ex- 
pense was saved by the prevention of serious damage to the 
generator and accompanying equipment. 


Test PANELS 


A typical panel arrangement of the complete set of instruments 
Fig. 5 illustrates their neat, compact appearance. Electronic 
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Fie. 5 TuRBINE-SUPERVISORY-INSTRUMENT 


circuits are employed in the equipment. Each power unit 
includes a small test instrument and test-point selector switch 
semiflush mounted on a small panel ‘directly below the recorder. 
By means of this test instrument and test switches, the calibra- 
tion of the recording equipment may be easily checked. In 
case of tube deterioration or other abnormal condition of the 
circuit, it may be found by the test-point indications, even by 
persons not familiar with electronic devices. By means of the 
test point and the calibration adjustments provided, the ac- 
curacy of the instruments may be maintained within five per cent 
of full seale values. 

Each equipment consists of an appropriate detector or de- 
tectors, mounted at the proper location of the turbine generator 
set, and a power unit and recorder mounted on a panel near the 
operating board. These equipments have been expressly de- 
signed for use in power plants and therefore have the required 
ruggedness and reliability to perform their operations satis- 
faetorily. 
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As more experience is being acquired, the importance of these 
instruments to proper turbine operation is becoming increasingly 
evident. Approximately 80 per cent of the large turbines now 
manufactured by the authors’ company are being equipped with 
one or more of these instruments. The instruments recommended 
depend upon turbine characteristics, power-plant arrangement, 
etc. 

One large power company makes a practice of keeping a file 
of photostatic copies of all starting-sequence records on their 
machines. These records and an accompanying brief “case his- 
tory” are invaluable in the study of turbine performance, train- 
ing new operators, etc. _ 

By careful observation of the turbine-supervisory-instrument 
records during starting and operating periods, either ‘‘on the 
spot” or by review at a later date, much valuable information 
concerning machine performance and operation may be obtained. 


From intelligent use of such information, the maximum life and 
efficiency of the power-generating equipment may be realized. 


Discussion 


C. C. Franck.‘ We wish to take this opportunity to con- 
gratulate the authors on an interesting presentation, especially 
for the excellent charts. 

The writer’s company has been engaged in the development 
of supervisory instruments for large-turbine practice since 1932. 
The first supervisory instruments were developed for use with the 
large 1800-rpm machines. The original group of instruments 
included (1) expansion meter, (2) shaft-eccentricity meter, (3) 


‘Engineer in Charge of Central Station Turbines, Westinghouse 
Electric & Manufacturing Company, South Philadelphia Works, 
Philadelphia, Pa. Mem. A.S M.E. 
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noise meter, and (4) bearing-pedestal vibration meter. With 
the wider use of the more recent 3600-rpm type of unit, experi- 
ence dictated that it would be necessary to reconsider our original 
ideas in regard to the suitability of the instruments at hand. 

For example, we found that although a bearing pedestal 
might be reasonably quiet, the turbine shaft could be vibrating 
considerably. In other words, the bearing-pedestal vibrometer 
was indicating that the unit was smooth while the readings 
on the shaft might show that excessive vibration existed within 
the spindle proper. Following this experience, a decision was 
made to develop a shaft vibrometer to replace the hereto- 
fore satisfactory pedestal vibrometer. This has proved to be a very 
satisfactory type of supervisory instrument and has given reliable 
results over a long period of operation. 

The expansion meter has proved to be a very valuable in- 
strument when used during warm-up periods prior to placing 
the unit on the line. A careful check of the record will indicate 
whether or not all parts are responding in a normal way to the 
changes in temperature when coming from a ‘“‘cold condition” to 
the normal running condition. This instrument will give a good 
indication of conditions existing if water is carried over from the 
boiler into the turbine. 

Based on our experience we have not deemed it advisable to 
combine the speed and governor-valve position indicator. It is 
true that the speed recorder is of greatest value when starting 
the machine and warming it up prior to putting it on the line. 
Once the unit has been placed on the line the speed recorder 
merely draws a straight line unless some unusual condition 
is experienced. However, there have been cases in which the 
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speed of the unit exceeded synchronous speed while carrying 
load. The release of a good part of the load from the unit would 
naturally be accompanied by an increase in speed. We are of 
the opinion that by placing the dual duty on the instrument 
it might result in complications and a valuable bit of informa- 
tion would be lost. In addition, the governor-valve position 
indicator is of greater value to the control room than it would be 
to the operators on the turbine-room floor. In our arrangement 
of governor position indicator the meter itself is placed in the 
control room and remotely indicates the position of the governor 
valves while the turbine is in operation. 

In addition to the previously mentioned supervisory instru- 
ments, we have developed another rather interesting and useful 
instrument known as the spindle-position meter. This is used 
to give an indication of the relation between the spindle and 
the cylinder while the machine is in operation. It has been 
our practice to thoroughly and comprehensively chart the rela- 
tive motion of the rotating and stationary parts; during the 
warming-up period, periods of operation with changes in load, 
and in shutting down the unit. Once having made a complete 
check of the internal changes in the machine under the various 
conditions of operation, we feel safe in assuming that as long as 
the relation between the fixed portions of the machine remains 
constant, no internal interference will be experienced. 

A complete description of the supervisory instruments is con- 
tained in an article by H. C. Werner and G. V. Krenikoff.§ 

5 “Instrument Aids for Turbine Operation,’ by H. C. Werner and 


G. V. Krenikoff, Power Plant Engineering, vol. 46, Nov., 1942, pp 
84-87. 
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Automatic Temperature-Recording 
Control System 


By M. E. MOORE,'! SANTA MONICA, CALIF. 


The automatic temperature-recording system devel- 
oped by the Douglas Aircraft Company, Inc., is described. 
Designed primarily for use in flight-test work, the system 
may be readily adapted to test stands and the like. The 
system provides for the meas rement of any number of 
points in groups of twenty-four each. The adaptation of 
this system to any automatic temperature-recording de- 
vice is discussed, and the requirements of such a device are 
stated. Design considerations are covered, and the con- 
struction and operation of the system described. 


ODERN airplanes have made high-speed recording of 
information more necessary than ever before. 

Because of their high rate of climb less time is available 
in which to obtain the required information due to rapidly 
changing outside-air temperature, altitude, power, and other 
conditions. Automatic recording is necessary because test 
pilots and flight engineers of modern airplanes simply have too 
much to do. In addition, a constantly increasing number of 
temperature measurements are necessary because engines are 
continually being built with more and more power packaged 
into a single unit. 

With the advent of a successful high-speed automatic tem- 
perature recorder, it became apparent that the problem of 
flight-test temperature measurement could be established on a 
more substantial basis than had been previously possible. Prior 
to the development of such a recorder, temperature measurements 
were made with the aid of a manually balanced laboratory-type 
potentiometer and a group of manually operated switches. It 
was necessary for the flight engineer to switch the potentiometer 
from one thermocouple circuit to another, and then manually 
to balance the instrument and to record the reading upon a suita- 
ble data sheet. Such an installation was extremely time- 
consuming in point of operation; therefore the amount of data 
which could be obtained was severely limited, often below basic 
necessity. The appearance of an automatic high-speed tem- 
perature recorder removed the restrictions of the manual system, 
with regard to the time required for the operation of the potenti- 
ometer. It then remained to devise a suitable automatic-control 
system for use with the recorders to avoid the necessity of 
switching manually from point to point and recording the read- 
ings upon a data sheet. The development of the system to be 
described has largely eliminated the remaining difficulties. It 
has become possible to obtain a greater amount of temperature 
information in a much shorter time with equal if not greater 
accuracy than formerly. At the same time, the flight engineer 
may spend the major portion of his time at other duties. 


Deralts oF ConTROL SysTteM 
The system developed by the author’s company is designed to 


1 Engineering Laboratories, Douglas Aircraft Company, Inc. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Los Angeles, Calif., June 14-17, 1943, of 
Tue AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


work in conjunction with a suitable automatic temperature 
recorder to enable a series of temperatures to be measured auto- 
matically in a progressive sequence. It consists basically of a 
number of switching units and a master control panel. The 
switching units are used to select the thermocouples for measure- 
ment in order, 24 couples to each switching unit. The control 
panel is for the purpose of controlling the selection of switching 
units in sequence, and indicating the couple being measured at 
any given time. The system is controlled by an impulse ob- 
tained from the automatic recorder which is supplied by the 
instrument at the time it has stabilized and recorded the tem- 
perature of the point under measurement. The system thus 
provides for the selection of groups of 24 thermocouples, corre- 
sponding to the 24 couples of each switching unit in any desired 
sequence of such groups, and will accommodate 8 switching 
units. 

The system may be adapted for use with any automatic 
temperature recorder provided one condition can be realized, 
i.e., the recorder must provide an impulse after the instru- 
ment has been stabilized and the temperature recorded. On the 
recorders used by the author’s company, this impulse is obtained 
from a switch which is actuated by the printing mechanism each 
time the printing head is lowered to record a temperature. The 
purpose of the impulse thus obtained is to advance the switching 
units one position to the next thermocouple in order, thus making 
it possible to go through the points one by one in order. A 
typical record obtained in flight is shown in Fig. 1. It will be 
noted that two important principles are employed: 

1 All temperatures falling within a reasonably narrow tem- 
perature range are grouped together. This speeds up the 
recording as the printing head has but a short distance to travel 
from one point to the next, rather than to travel from one end of 
the scale to the other each time a new couple is selected. 

2 A certain pattern is employed to identify the various 
switching units or “banks.” Thus, starting from the reference 
pattern, the temperatures are recorded in time sequence on the 
chart, and hence may be recognized. Were this not done it 
would be virtually impossible to tell from the record what point 
of measurement a given print represented. 

In the development of the system, several basic design con- 
siderations presented themselves. The system must obviously 
be fully automatic if it is to be completely successful. It must 
be dependable. To this end it must be thoroughly foolproof 
and must not rely for its proper operation upon a large number of 
interdependent units. It must consist of units of such size 
that space for them can be found even in small airplanes. The 
system must, further, be flexible. This has been accomplished 
by breaking the system down into a master control panel and 
a number of separate switching units, any number up to 8 of which 
may be used with one panel. These units may be located where 
convenient. To this end a previous design, having 6 switching 
units built into the control panel, Fig. 11, was abandoned in favor 
of the more flexible system herein described. It is generally pos- 
sible to find space for a large number of relatively small units, 
while it is practically impossible in many cases to find space for 
one large unit. By locating the switching units near the source 
of temperatures, the length of thermocouple leads may be re- 


809 


4 

4 

a 

3 

4 


810 TRANSACTIONS OF THE A.S.M.E. NOVEMBER, 1943 


eee eeeee458 eee 
$ 
t 
t 
t 
e + + % e 
Le 
+ 
Teo 
e=: Lo 
+ 
IE 
+ 
| | 


Fic. 1 Typrcat TEMPERATURE RECORD OBTAINED IN FLIGHT 


duced. Large bundles of thermocouple wires, ete., are not 
desirable as the length of such leads changes with each installa- 
tion, and furthermore space is not always available for a large 
bundle of such wires. 

The control panel provides the means by which the switching 
units are caused to operate automatically. It further indicates 
the point under measurement at all times and also gives a positive 
check on the operation of the system. These functions are 
covered by the basic control circuit. An electronic amplifier, 
associated with and built into the control panel, provides a further 
check on the system and also provides a means of synchronizing 
the switching units with the control panel following servicing of 
the units, or in the event that the system drops out of syn- 
chronism, due to temporary power failure, or any other such 
cause. 

The general arrangement of the control panel and switching 
units is shown in Figs. 2 to 8, inclusive. Fig. 2 shows the control 
panel mounted in its cradle and illustrates the general arrange- 
ment of the unit. Fig. 3 illustrates the control panel with the 
front swung open showing the arrangement of the position lamp 
bank and general arrangement of equipment. Figs. 4 and 5 are 
views of the front and back, respectively, of the control panel 
during construction. Figs. 6 and 7 are views of the switching 
units. Figs. 8, 9, and 10 show the detailed wiring diagram of 
the control panel, electronic amplifier, and switching units, 
respectively. 


FUNCTIONS OF SYSTEM PARTS 


For the purpose of explaining the system employed, the 
functions of the components and their operation will be described. 
First, some means of switching the recorder from one point of 
measurement to the next is required. This is taken care of by a 
number of switching units each handling 24 thermocouples, as 
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Fig. 6 


INTERIOR VIEW OF SwitcHING UNIT 


indicated in Fig. 10. The switching units in turn must provide 
the following: 


1 A method of switching both sides of the thermocouple 
circuit in order to eliminate common returns. 

2 A method of identifying at the control panel which switch- 
ing unit is in operation. 

3 A means by which it is possible to tell if the switching 
unit is in step with the position-indicator lamps on the control 
panel, and a means by which it is possible to bring them into 
step automatically if they are out of step. 

4 A means by which the unit is cleared from the recorder- 
thermocouple circuit after the control panel has gone through the 
cycle of operation of the particular switch unit in question, thus 
preventing a “jammed” switching unit from making the rest of 
the system inoperative also. 


These functions are accomplished by the four levels of the 
25-point rotary switch in order from top to bottom, and the 
auxiliary relay R 41, as shown in Fig. 10. The 25th position of 
the switching unit is the “off” position, in which the switching 
unit is left when it is not in operation. The third level of the 
rotary switch runs directly to the bank-lamp circuit on the 
control panel; when the switch is in operation the corresponding 
bank lamp on the control panel is lighted. This feature provides 
a positive check on the operation of the system, for if the bank 
lamp is not extinguished when the control panel advances to 
the next switch unit in order, the switch unit is obviously 
jammed. The fourth level of the rotary switch forms one pair 
of arms of a bridge circuit. The other pair of arms consists of a 
similar resistor bank on the position-indicating switch of the 
control panel. The bridge circuit thus formed in connection 
with an electronic control amplifier fulfills the third function 
mentioned. The operation of this portion of the system will 
be described elsewhere. 

In the construction of the switching units, iron and constantan 
wire is used throughout the thermocouple portion of the circuit 
between the rotary switch and the terminal blocks, ete. This 
has been found necessary to minimize errors arising from possible 
temperature gradients throughout the box. Switching units 
constructed in this manner have been subjected to cold-room 
tests to simulate the temperature gradient encountered in a rapid 
descent from high altitude as in a dive. The maximum error 
caused through an initial temperature difference of 140 F was 
found to be approximately 3 F. Approximately the same 
amount of error was obtained with standard manually operated 
thermocouple switches subjected to the same test conditions. 

As was mentioned previously, the control panel allows for 
the proper selection of the switching units and also provides the 
means by which the point under measurement may be identified. 
The 11-point rotary switch, S.R. 11 of Fig. 8, selects the proper 
switching units. The terminals 1 to 7 of the switching unit 
connect in order to terminals A to G of the control-panel switch- 
unit plug. S.R. 11 switches, in order from top to bottom level, 
the signal input lead to the grid of the amplifier obtained from 
the two arms of the bridge circuit of the switching units, the 
coil circuit of the switching-unit motor, and completes the coil 
circuit of the auxiliary relay R 41 of the switching unit. The 
fourth level of S.R. 11, in conjunction with the bank selector and 
recycle switches, provides a portion of the circuit by which S.R. 
11 itself is controlled. The impulse circuit, shown in the upper 
left-hand corner of Fig. 8 when closed, completes the coil circuit 
of the motor of the switching unit and the 25-point rotary switch 
of the control panel (S.R. 9), thus energizing the motors of these 
rotary switches, and causing the switches to advance one point 
for each impulse from the recorder. The 25-point rotary switch 
of the control panel switches the remaining pair of arms of the 
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bridge circuit, the position-indicating lamps of the control panel, 
and the reference-thermocouple ice-bath circuit. 

Henceforth the switching unit of Fig. 10 will be referred to as 
switching unit No. 4, and is one of 8 provided for in the system. 
By making use of two spare points of S.R. 11, up to 10 switching 
units may be handled by the control panel. However, it was 
felt that 8 switching units were about the maximum number which 
the flight engineer could be expected to familiarize himself 
with, and that this number was about the maximum which 
could be handled by one automatic recorder successfully. 

When in proper operation, switching unit No. 4 having been 
selected, is in step with 8.R. 9 on the control panel. Thus, the 
position-indicator lamp on the control panel indicates to which 
point of measurement the switching unit is connected. The 
impulse which advances S.R. 4 and S.R. 9 from the 24th to the 
25th position also advances 8.R. 11 one position. This is pro- 
vided for by the single-pole single-throw relay on the control 
panel. The three-pole double-throw relay of the control panel 
is then caused to operate and accomplishes two purposes: 


1 It prevents any of the 25-point rotary switches from ad- 
vancing, until S.R. 11 has reached the position of the next 
switch unit selected. 

2 If one or more of the following banks are omitted, it also 
causes S.R. 11 to advance one position upon the impulse which 
advances S.R. 4 and §.R. 9 to the 25th position. The recycle 
switch is placed in the 11th position of S.R. 11, at which time 
the off-normal controls of S.R. 11 are open, thus preventing 
S.R. 9 from being impulsed by the recorder when the system is 
thus rendered otherwise inoperative. 


By opening the recycle switch, the system may be stopped 
at the completion of one sequence of operation. Otherwise, the 
system is in continuous operation. 

The electronic control amplifier performs two functions: 


1 It gives an instantaneous indication of whether or not 
the switching unit is out of step with the control panel. 

2 If this is the case, it provides the means by which they may 
be brought into step. 
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It may be remarked at this time that if the switches are 
properly adjusted, it is practically impossible to get them out of 
step even when trying deliberately to do so, regardless of the 
rapidity or duration of the impulses employed. The operation 
of the electronic control amplifier is dependent upon an un- 
balanced condition of the aforementioned bridge, which only 
occurs if the switching unit and control panel are out of step. 
If this is the case, then a signal voltage is applied to the input 
of the amplifier, placing an amplified signal on the grid of the 
second tube. This tube is biased to cutoff for zero applied 
signal voltage. Thus when a signal is applied to the amplifier, 
the amplifier relay is closed, which lights the warning lamp on 
the control panel, indicating that the switching unit and control 
panel are out of step. When this occurs, merely by throwing the 
“clear” switch, the rotary switch S.R. 9 of the control panel is 
caused to home around uatil it is once more in step with the 
switching unit. This homing operation is controlled by 
the amplifier, for as soon as the rotary switches are in step, the 
bridge being once more balanced, the relay in the amplifier 
opens, thus stopping the homing operation. The “clear’’ switch 
may also be used to hold the system on any desired point, since, 
by putting the switch in the “clear” position; the impulse circuit 
is opened, preventing further impulses from reaching the system. 
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PRECAUTIONS TO BE OBSERVED 


A word of caution is in order concerning the bridge circuit. 
The 50-ohm resistors used were of the !/:-watt wire-wound type. 
In order to assure balance, the resistors were sorted into ranges 
of +!/, ohm from established mean values. All resistors measur- 
ing accurately certain key values as 49, 50, and 51 ohms were set 
aside as ‘‘precision” resistors. This stock was then drawn upon 
in building up the control panels, which thus contained 23 re- 
sistors of equal values to precision tolerances. In the switching 
units there is a random variation of +!/, ohm from the mean 
value. The average, however, will be statistically close to 
the value which would be obtained if all resistors were precision- 
selected. The reason for using precision-sorted resistors in the 
control panel is to minimize the effect of these random values of 
resistances in the switching-unit section of the bridge circuit. 
It is thus unnecessary to buy bulky precision-wound resistors. 

There is one further precaution which must be mentioned at 
this time. The power to operate the rotary switches, the 
filament power of the tubes, and the direct-current bias of the 
second tube of the amplifier are obtained from a suitable direct- 
current source, in this case, 24-v direct-current storage batteries. 
The 110-v alternating current to operate the bridge circuit and to 
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supply the plate voltage of the amplifier must be obtained 
from this same source, either through a rotary converter, a 
vibrator supply, or the equivalent. This is necessary to provide 
a constant ratio between the direct-current bias voltage and the 
plate voltage of the amplifier. If this is not done, the amplifier 
may not operate properly, while, if this precaution is adhered 
to, the direct-current voltage may be varied between 18 and 30 v 
with satisfactory operation of the amplifier. One further point 
of note is that the system, as wired with a common ground to 
chassis, and so on, is predicated upon a negative grounding of the 
direct-current source, which is necessary to obtain the proper 
bias on thel ast tube of the amplifier. 


Basic OPERATING FEATURES 

The basic features of operation of the system may be sum- 
marized as follows: 

1 Two checks on the operation of the system are available. 
One of these is provided by the electronic amplifier and as- 
sociated bridge circuit. If the control panel and switching 
unit drop out of step, an unbalanced condition of the bridge 
circuit is created and the warning lamp is lighted. The second 
of these checks is provided by the bank-lamp circuit. When 
the system has reached the 24th position, the following impulse 
puts the switching unit on the 25th or “off” position and advances 
the control panel to the next switching unit selected If the 
bank lamp of the first switching unit remains lighted, it simply 
indicates that the switching unit was not left on the 25th or 
off position and was therefore out of step with the control 
panel. This is an absolutely positive check on the operation of 
the system. 

2 A reference-temperature position is provided once every 
25th impulse by the 25-point rotary switch in the control panel. 
This may be used for ice-bath or hot-bath reference as desired 
to provide a check on the recorder at all times. 

3 As the control panel advances from one switching unit to 
another the relay, as R 41 in switching unit No. 4, is opened in 
the one switching unit and the corresponding relay is closed 
in the following switching unit. This positively prevents more 
than one switching unit from being placed across the recorder 
circuit at any one time. 


4 When the recycle switch is opened, the control panel 
will go through one sequence of operation and stop. If the 
recycle switch is closed, the system is placed in continuous 
operation. 

5 By throwing the clear switch to the “clear” position, 
it is possible to stop the system at any desired point for a detailed 
inspection of this temperature. If the system is out of step, 
this will also automatically bring the control panel into step with 
the switching unit. 


MECHANICAL CONSTRUCTION 


The mechanical construction of the system has been made 
very rugged. This is evidenced by the illustrations of the 
equipment. Experience has shown that from the standpoint 
of practical operation under typical service conditions, this is an 
absolute necessity. In general, regardless of how careful in- 
strumentation personnel may be, over a period of time, the 
equipment is invariably subjected to considerable abuse. The 
cases are hermetically sealed and a desiccator is employed to 
exclude moisture (corrosive salt air in locations near the sea- 
coast) from the compartments. This has been found useful 
in that it prevents the switch contacts from excessive corrosion 
and results in increased freedom from servicing. In this con- 
nection, it has further been found that the application of a small 
amount of lubricant applied to the stationary switch contacts 
is useful in preventing them from becoming dirty and has been 
found to reduce greatly the amount of servicing required. The 
lubricant used for this purpose is known as Beacon Lubricant 
M-285. 

Automatic temperature-recording systems, as described in this 
paper, have been used in both flight test and other applications 
by the author’s company for a sufficient length of time to elimi- 
nate the “bugs” usually found in newly developed equipment. 
The apparatus in its present form is performing in a highly 
satisfactory manner. The successful conclusion of this de- 
velopment is due in no small measure to the patient co-operation 
and helpful advice of the staff of the Douglas Research Laborator- 


ies, who built the apparatus, and the flight engineers who have 
used it. 
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Mechanics of Sheet-Metal Bending 


By WILLIAM SCHROEDER,' BURBANK, CALIF. 


The author discusses the basic mechanical phenomena 
occurring during the bending of sheet material. Analyti- 
cal methods are given whereby all aspects of behavior dur- 
ing and after bending, such as forming pressure and 
springback, can be accurately predicted on the basis of 
the stress-strain diagram of the material. An experimen- 
tal and analytical study of the strain distribution in the 
bend is also included. 


INTRODUCTION 


HE airplane as at present designed is made up almost wholly 
of sheet-metal parts; hence the subject of sheet-metal form- 
~~ ing has become of the greatest importance in modern aircraft 
fabrication. Sheet-metal forming was previously viewed as a 
craft, the work being done largely by hand by skilled workers 
whose art was based on long experience. However, mass produc- 
tion, required by the present emergency, has necessitated a transi- 
tion from the stage of hand work to the stage of mechanical pro- 
duction of parts by methods controllable to give identical results 
in one quick operation. This transition from handcraft to tech- 
nical control has necessitated a careful study of the basic me- 
chanics involved in forming sheet-metal parts. 

This general subject has been discussed in a comprehensive 
technical paper by F. R. Shanley (1)? of the Lockheed Aircraft 
Corporation. It was stated in that paper that supplementary 
papers covering the various phases in more detail would be pub- 
lished from time to time. The present paper discusses the first 
and most fundamental field in sheet-metal forming, namely, the 
simple bending of the material, with particular reference to rec- 
tilinear bends. This analysis may then form the basis for more 
advanced studies on bending parts with curved flanges, or having 
contours in more than one dimension. 

The bending of sheet metal, while at first glance of a simple 
nature, involves several problems, the chief of which is the tend- 
ency of the material to spring back to its original fornr after 
the bending force is removed. This effect was of relatively little 
importance in earlier days of aircraft manufacture when bending 
was done by hand and material of soft temper was used; but 
when bending is to be done on presses, with the necessity of hav- 
ing the part come out correctly shaped at the first operation, and 
when materials of hard temper are to be used, the subject of 
“springback”’ becomes a very important one. Time and money 
can be saved by forming materials of heat-treated aluminum 
alloys rather than from annealed stock which has to be heat- 
treated after the part is formed. However, the production gains 
involved in such a procedure have often, in practice, been partly 
or totally submerged by the tide of shop troubles arising from 
inability to allow for the springback of the hard-tempered ma- 
terial, or to predict forming pressures required. 

The paper by F. R. Shanley already alluded to (1) contains a 
concise description of the mechanies of bending, without going 


1 Research Engineer, Lockheed Aircraft Corporation. Mem. 
A.S.M.E. 

*? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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into details on exact calculations. Pure bending of bars with 
rectangular cross sections is also discussed by A. Nadai (2), 
C. V. Bach (3), and S. Timoshenko (4). A method for evalu- 
ating one phase of springback, namely, radius change in bending 
structural shapes, has been presented by R. G. Sturm and B. J. 
Fletcher (5). Empirical data on the springback of straight 
flanges have been gathered in several quarters and published in- 
formation has appeared on this subject (6). An analysis of the 
conditions in the bend, with a graphical method of determining 
springback, was made by E. I. Ryder and R. B. Glassco, of 
Lockheed Aircraft Corporation, and is included mm the present 
paper. 


SrreEss AND Srrain Conpirions Durine BENDING 


As a first step, a simple discussion will be presented showing 
the basic strain conditions in a bend. For convenience, the 
simplest kind of bend is assumed, namely, an ideal or circular 
bend in a homogeneous material. Bends resulting from actual 
forming operations, and in nonhomogeneous materials such as 
Alclad, will be treated later. Fig. 1 shows such a bend. The 


Neutral 
Surface of 
Bending 


Fie. 1 Grometry or A BEND 


outer fibers are elongated during the bending process by the 
amount indicated by e,, while the inner fibers are compressed. 
At some point between, there is a surface whose length is not 
changed in the bending process, and this is called the neutral 
surface or ‘neutral axis.”” In accordance with the classical beam 
theory (7), the strain distribution between the neutral axis and 
the outer fiber may be assumed to be linear, as indicated by the 
line BC, drawn parallel to line AE. Such an assumption will be 
correct if all cross sections which were plane before bending re- 
main plane after bending. 

Messrs. Bach and Baumann (3) and Meyer (8) have investi- 
gated the strain distribution during the bending of bars and have 
found slight distortion of the planes, but for practical purposes 
the assumption of plane sections has been found to give satis- 
factory results. 

In Fig. 1 assume that the line AB represents a unit length 
measured along the neutral axis. Then, from the similar tri- 
angles OAB and BCD, the following simple relationship is ob- 
tained 
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or 
Ye 
R [la] 
or for any other distance y from the neutral axis 
{1b} 


If the neutral surface is assumed to be the mid-surface of the 
sheet, y = 7/2 and Equation [la] becomes 


For cases in which the neutral axis is not at the mid-surface 
of the sheet, the formulas may be generalized by expressing the 
distance from the innermost compression fiber to the neutral 
axis by CT. Then y, = CT and y, = (1 — C)T, giving the equa- 
tion 


T 
e = (1 {1d} 
For the compression side 
T 


(C will usually be very nearly equal to 0.5 but will vary some- 
what depending upon the nature of the material and bending 
process.) 

The foregoing relations are imposed by the geometry of the bend 
and will always apply either before or after springback. 

The equations merely give the average strain, or average unit 
elongation existing between the points FE and D on the bend. For 
the purposes of preliminary analysis, it will be assumed that the 
distribution of the strain along any fiber of the bend is uniform, 
and hence equal at any point to the average value, as derived 
from the equations. Actually, it is known that the strain distri- 
bution around a bend is far from uniform, but this phenomenon 
will be reserved for discussion at a later point in the paper. 
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It is also clear that, since distance along the neutral axis is 
given by Ré, and the neutral axis by definition does not change 
its length during the bending process, Ré@ will always be a con- 
stant. Thus 


[2] 


Another assumption which has to be made in order to get a 
simple basic picture of the process is that the stress-strain curve 
for each fiber being deformed around the bend is the same as that 
derivable from the physical test of the piece as a whole. This may 
be accepted for the time being as a reasonable assumption, sub- 
ject to the reservation that it may be re-examined later if neces- 
sary to explain observed results. 

Fig. 2 shows a typical stress-strain diagram for material such as 
sheet metal, in this case 24S-T. Both the nominal stress-strain 
and true stress-strain (2, 9) diagrams are shown.? For an ac- 


3 True stress, as the term is used here, is determined by dividing 
the applied load by the corresponding actual deformed area of the 
specimen; while nominal stress is determined by dividing the ap- 
plied load by the original area of the specimen. 
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curate analysis of bending, the true stress-strain diagram should 
be used; however, if the strains are low the more familiar nominal 
stress-strain diagram may be used without serious error. 

It will be observed that this curve is approximately linear only 
in a very limited region, usually referred to as the elastic range, 
and becomes nonlinear as it enters the plastic range. Since in 
the bending operation the material must be deformed into the 
plastic range in order that the bend may remain after the 
deforming force has been removed, it can he stated in general that 
the stress-strain diagram applicable during bending is of a 
nonlinear nature. Hence if the strain distribution from B to D 
in Fig. 1 is linear, as has been assumed, the stress distribution 
cannot be linear but must be as indicated in Fig. 3. Note that 
in this figure a transition is made from the curve of strain versus 
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distance from neutral axis, to that of stress versus distance from 
neutral axis, by means of the stress-strain diagram. The con- 
struction will be conveniently used at a later point in discussing 
springback conditions. 


SPRINGBACK 


The basic relations described in the foregoing section apply at 
all times, although numerical values will change after the bend- 
ing force has been removed, owing to the tendency of the bent 
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Fig. 4 Exvastic Recovery From LarGe INITIAL STRAIN 


piece, through elastic recovery, to return toward its original flat 
shape. This tendency is called ‘“springback” and is usually 
measured by the angular change occurring when the bending 
force is released. There is also an associated change in bend 
radius. 

If all stresses during bending were to remain within the elastic 
range, the strains would return to zero when the bending force is 
removed in accordance with Hooke’s law, the inner and outer 
fibers (Fig. 1) would resume their original lengths, and the piece 
would become completely flat. However, when deformation has 
extended into the plastic region, removal of the force results in 
return of the material to zero stress by “elastic recovery” along 
the line PQ in Fig. 4 assumed to be parallel to the initial elastic 
portion of the curve although usually not strictly so. The per- 
manent strain or “‘set’’ OQ (called e,) remains. Hence in Fig. 1 
the strains e, and e, do not entirely vanish and therefore the 
piece stays in a bent shape although at a different angular posi- 
tion than it had while the bending force was being applied. 

In order to obtain a basic conception of the mechanical action 
occurring during springback, it is convenient to start with the 
simplifying assumption that only the outer fibers are to be con- 
sidered. The diagram Fig. 4 would then apply, the tensile and 
compressive portions being considered equal for the sake of sim- 
plicity. Each outer fiber during bending would follow its respee- 


Fre. 5 Conpitrions For ALL Fibers ArTER SpRING- 
BACK 


tive curve indicated by the arrows, and would reach the condition 
represented by P or P’ when the material is forced against the 
form block or other stop. When the pressure is released, the 
“elastic recovery” along the line PQ (and P’Q’) would occur, 
and the final position would be such that the outer-fiber strains 
would each correspond to the residual strain e,. If a final part 
angle, corresponding to an outer-fiber strain e, is desired, the part 
must be overformed to give a total strain of e, before the deform- 
ing force is released. This is commonly done by making the form- 
block radius less than the part radius and by undercutting the 
form block to give “springback allowance.” 

Actually, there are many intermediate fibers involved besides 
the outer ones, and these all have their influence on the final 
equilibrium position assumed by the bent part. Fig. 5 has been 
drawn to indicate qualitatively what happens within the speci- 
men, 

In Fig. 5 we consider five different fibe s, starting with “num- 
ber zero”’ at the neutral axis and equally spaced. Since strain has 
been assumed proportional to distance from the neutral axis, Fig. 
1 and Equation [1 5], if the outer fiber is deformed to cause a 
total strain e,, the other fibers must have strains proportioned 
thereto in direct ratio to their distance from the neutral axis, as 
indicated by the projections of points 1, 2, 3, and 4 on the hori- 
zontal axis in Fig. 5. This geometrically determined ratio of 
strains on the different fibers must always be maintained (as- 
suming that planes before bending remain planes after bending) 
even when the deforming force is removed and the fibers return 
toward the condition of zero stress along their respective lines of 
elastic recovery. But if each actually returned to a condition of 
zero stress along its elastic line it is clear from Fig. 5 that the 
intercepts on the horizontal axis, representing strains, would not 
be evenly spaced. Hence it must be that the individual fibers 
take up positions of varying residual stress, along some such curve 
as 1’, 2’, 3’, 4’ or 1”, 2”, 3”, 4” in Fig. 5. This curve must be of 
such shape as to satisfy the following conditions: 

1 The strains remain in direct proportion to the distances of 
the fibers from the neutral axis (i.e., the points must be evenly 
spaced along the strain scale). 

2 The residual stresses represent a resultant force and bend- 
ing moment, each equal to zero (so that equilibrium may result). 


If the final positions were along curve 1’, 2’, 3’, 4’, with the 
outer fiber at zero stress (as was assumed in Fig. 4), the residual 
stresses represented by 1’, 2’, and 3’ would each exert a bending 
moment equal to its own magnitude times its distance from the 
neutral axis. (Such distances are in turn proportional to the 
abscissas of the points in question, since all strains are assumed 


| 

| 

| | 
4 

¥ 

q 

| 


820 TRANSACTIONS OF THE A.S.M.E. 


proportional to linear distances from the neutral axis.) These 
moments would tend to move the piece back toward the flat posi- 
tion, and would be aided by corresponding moments exerted by 
residual compressive stresses in the inner portion of the bend 
(since the moments arising in the two halves of the diagram are 
additive). Thus the moments within each half of the diagram 
must add up to zero if equilibrium is to be achieved. The stress- 
distribution curve must therefore assume some such final posi- 
tion as that indicated at 1”, 2”, 3", 4”, the outer fibers on the 
tension side actually being in compression, and vice versa. The 
moment conditions are shown in Fig. 6, wherein stress s is plotted 
against distance y from the neutral axis. For equilibrium 


0 = M = w(siyAy + + ..... ay, Ay)..... 


where w is the width of the strip bent (length of bend along mold 
line). 


S 
= 

> 


Neutral Axis 


Fie. 6 Stress DistripuTIon oN Cross Section THRouGH BEND 
AFTER SPRINGBACK 


In the foregoing expression, some of the terms must have op- 
posite signs in order that reduction of M to zero be possible; 
hence the curve must cross the axis in each half, as shown. 

In differential form 


0=M=w 
0 


If the neutral axis is in the center of the sheet, and the com- 
pression and tension portions of the stress-strain diagram are 
identical, the summation of forces will always add to zero by 
symmetry. 

Equation [3a] means that, referring to the tension half of the 
total stress-distance diagram, Fig. 6, the area A, in compression 
times its mean distance from the neutral axis must be equal to the 
area A, in tension times its mean distance from the neutral 
axis. Applying this to curve 1”, 2”, 3", 4”, Fig. 5, distances along 
the strain axis are by definition proportional to distances of the 
points from the neutral axis; hence area A, times its mean ab- 
scissa must be equal to area A» times its mean abscissa. 

The stress distribution for equilibrium may be determined 
graphically by trial and error using the method just suggested. 
An analytical method may also be used. 

The foregoing paragraphs have shown how to find the residual 
strain e, and the sptingback strain e, = e, — e,, when the initial 
bending strain (before springback) e, is known. The ratio 


NOVEMBER, 1943 


is a significant index of the amount of springback occurring in 
any given case, expressed as a fraction of the total strain before 
springback, and is called the “springback ratio.”” An analogous 
ratio is also convenient, namely 


The strains referred to are all measured in the outermost fiber. 
By the application of the simple relations of Equations {1] and 
{2] the geometrical conditions of angular change and radius 
change can readily be worked out (see Figs. 4 and 7, for nomen- 
clature). Specifically, applying Equation [ld] and assuming C 
= 0.5 
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Outer fiber strain before springback 
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Therefore 


aR, T Ry 
Also rewriting Equation [2] with the terminology of Fig. 7 
from which 
from which 
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4 This gives the springback strain as a fraction of the residual 
strain or strain remaining in the part after forming; hence the sub- 
script p. 
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Substituting 6, = 6, — @,, and e, = e — e, 


4, R, — R, 


and by a similar process 
6 — 
6, R, e, 


From these equations, two very important points may be 
noted, as follows: 

1 The strain in any bend is a function only of R and 7, not® 
of the total angle (Equations [5] and [6]. 


6 
2 The springback ratio or “unit springback”’ i being pro- 


portional to the strain (Equation [11]}) is also only a function of 
R and T, not of the total angle of bend. Thus the springback 
per degree of bend is constant, regardless of the total angle of 
bend. 

If the initial conditions 6, and R, are known (R, would be the 
radius to the neutral axis of bend before springback and would 
therefore be the radius of the form block plus one half the 
thickness of the material), e, is found from Equation [5], e, (outer 
fiber) by the area-moment method already described, R, from 
Equation [6], and @, from Equation [9]. Terms #, and @, then 
constitute the resulting part radius and angle. 

If (as is often the case) the desired part radius and angle are 
known, and the form-block dimensions are to be caleulated, the 
foregoing process should theoretically be worked in exact reverse. 
However, there is a practical difficulty here since it is hard to 
operate the area-moment computation backward to find e, from 
agivene,. To overcome this, sets of curves have been developed 
showing springback ratios k, or k, for various ratios of T/R. 


ANALYTICAL SOLUTION OF SPRINGBACK 


The graphical analysis described serves well to illustrate the 
basic principles involved in springback but suffers somewhat in 
accuracy due to some of the simplifying assumptions which were 
made. For routine calculations, an analytical solution is usually 
more desirable. General equations which may be applied to 
many materials can be derived. 

For a homogeneous material the equation found for spring- 
back ratio ky, is 


(1—C)(T/ Rod) 
sede 
—C(T/Ro) 


[13] 
(EY 
R, In A 2 R, 
where 
. 6, 
ky = springback ratio = a for simple bend, degrees spring- 


back per degree of bend 

8s = stress co-ordinate of true stress-strain diagram 

e = strain co-ordinate of true stress-strain diagram 

C = position of neutral axis of bending expressed as a ratio 
of distance between neutral axis and inside surface to 
thickness of sheet. If the true stress-strain diagram 
is equal in tension and compression, C = 0.5 


* Not strictly true in actual bends due to nonuniformity of strain 
distribution around the bend and effect of flow from adjacent straight 
sections. 


| 
20 


E = modulus of elasticity, psi 

T = sheet thickness, in. 

R, = radius of curvature of neutral axis before springback = 
block radius plus CT, in. 


(1 —C)T 
R, 
A= 
R, 
T 
R, =e, +e, 


It may be noted that the numerator of Equation [13] is the 
moment of the area under the true stress-strain diagram for the 
material between the limits e, and —e, taken about the origin. 
In most cases the true stress-strain diagrams in tension and com- 
pression may be considered equal, and in such case C = 0.5. In 
general, values of k, may be solved and plotted against values of 
T /R, as an independent variable. 

Some materials, such as Alclad, cannot be considered as homo- 
geneous material. Alclad or other similar aluminum-alloy-sheet 
materials consist of an inner layer “core” of high-strength alloy 
which is covered with two surface layers “coats” of aluminum 
which is relatively a weak material. For these materials it may 
be assumed that the true stress-strain diagram is equal in tension 
and compression, and therefore C = 0.5. 

For Alclad, the equation for k, is as follows 


45 (T/Rd) 
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where 
S$, = stress co-ordinate of true stress-strain diagram for core 
material, psi 
e = strain co-ordinate of true stress-strain diagram for core 


material, in. per in. 
(fue = Yield strength of coat material, psi 
T = total sheet thickness, in. 
R, = radius of curvature of neutral surface = block or die 
radius plus one-half sheet thickness, in. 
E,; = modulus of elasticity of core material, psi 
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made in the production shop such ideal bends do not in general 
result. Of the various methods of bending or forming, the rubber- 
pressure hydropress will be discussed and analyzed, for the reason 
that it is a widely used method of sheet-metal forming in the air- 
craft industries; and its use involves the necessity of predicting 
springback in order to construct the required dies or “form 
blocks.””. While other methods of forming are not considered in 
this paper it is believed that most of them could be analyzed in a 
manner similar to the one discussed herein. 

Rubber-pressure-hydropress forming of flanged parts is usually 
performed over the male half of a die, commonly called a ‘form 
block,” in a specially designed press. The ram of the press is 
fitted with a rubber pad of suitable hardness enclosed on the 
edges with a retaining ring. In operation this retaining ring 
indexes accurately with the platen of the press and in this way 
serves to restrain the rubber when under pressure. The blank is 
placéd on the form block and formed to the shape of the form 
block by foreing the rubber pad down on the form block and onto 
the platen, in the manner shown in Fig. 10. 

Bends made in the rubber-pressure hydropress differ from the 
ideal in that the bend radius cannot be considered to be entirely 
circular. The approximate conditions resulting when a part is 
formed are shown in Fig. 10. In the instance illustrated the pres- 
ence of the spaces between the form block and the part is ex- 
plained by the well-known principle that the applied bending 
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Ca Correction factor for non-circular bends , as made 


Table1. In Fig. 8 values of k, are en plotted 
against 7'/R,. Values of k, = — have also been 
computed and are plotted mane T/R, in Fig. 


9. The value of k, is useful for computing 6, when 0.5 
the form block angle @,is known; while the value 
k, is used when the final part angle 6, is known. 


Note :- | 
To find valves of K for pressures other\than 


BENDING BY RUBBER-PRESSURE HYDROPRESS 0 


The foregoing discussion has been directed 
toward conditions in an idealized bend in which 
it is assumed that the radius of curvature is con- 
stant and the bend is circular. When bends are 
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moment cannot in practice vary in a discontinuous manner.* 
Also, the radius of curvature of the bend, like the bending moment 
upon which it is dependent, cannot vary in a discontinuous man- 
ner, that is to say, in practice the shape cannot change abruptly 
from circular in one region to straight in an adjoining one. Ac- 
tually the bend may be thought of as consisting of a circular 
central portion bounded by noncircular transitional regions in 
which the curvature 1/R varies uniformly from the constant 
value applying in the circular portion, to zero in the straight por- 
tion. The length of the transitional region depends upon the 
forming pressure, the form-block radius, and the strength and 
thickness of the material. 

The circular portion of the bend may be considered to have the 
properties of the simple ideal bend which has already been dis- 
cussed, but the bend as a whole has somewhat modified proper- 
ties. The principal effects of the noncircular nature of bends are 
as follows: 

1 The length around the bend measured on the neutral axis 
is not simply R,6, = R,f,. It is greater than the value which 
would be expected for a truly circular bend. 

2 The springback angle @, of the bend is greater than the 
value k,6, computed for a circular bend. 

3 The strain in any fiber is nonuniformly distributed around 
the bend. Its magnitude is quite uniform in the circular region 
and varies gradually from this value to zero in the transitional 
region. 

A method of computing springback under the foregoing condi- 
tions has been developed in which it is found that the springback 
of a rubber-pressure-hydropress bend may be expressed as 


A= k~p+K 
6, = k,0, + K 
in which 
6, = springback for bend as a whole 
k,@, = k,9, = angular springback in bend if it is assumed to be 


ideal and entirely circular (from Figs. 8 and 9) 
correction necessary due to nonideal nature of 

actual bend 

For a specific material and forming pressure, the value of K de- 
pends upon the ratio T/R. (No appreciable error is made in the 


K 


T T 
value of K by assuming * Rr. Values of K were computed 
b 

for 24S-T Alclad and a forming pressure of 1200 psi and are shown 


in Fig. 11 and Table 2. (Since the factor K varies inversely as 
the forming pressure, it is a simple matter to find the value of K 
at any forming pressure by multiplying the value of K taken from 
Fig. 11 /1200 .) 

Pp 


EVALUATION OF GENERAL PROPERTIES OF BENDS 


The foregoing discussion has been directed mainly at the im- 
portant subject of springback. However, a number of other 
quantities which are useful in the analysis of bending have been 
evaluated. Expressions have been derived for bending moment, 
residual stress, and bend allowance. While space does not permit 
a detailed discussion of these factors, they will be mentioned 
briefly. 

Bending Moment. In order to make a bend, it is necessary to 


6 The basis for this statement is the elasticity equation és = a 
(reference 10), where R is radius of curvature, M is bending moment, 
E is modulus of elasticity, and J is moment of inertia of the section. 
R cannot vary in a discontinuous manner along the periphery of the 
bend unless M also varies in a discontinuous manner. In sheet- 
metal forming M cannot be discontinuous as long as the pressures are 
finite (as assumed). For material in the plastic state the foregoing 


» but the same reasoning applies. 
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Fig. 12) VaLuE or M/T? ror 248-T ALcLAp 


apply forces sufficient to overcome the resistance of the material 
to be bent. This resistance of the material to bending is termed 
the bending moment. For expressing bending moment, the most 
significant parameters are M/T? and 7'/R,; where M is bending 
moment, T is sheet thickness, and FR, the block or die radius 
measured to the neutral axis of the sheet. Values of M/T? plotted 
against 7'/R, are shown for 24S-T Alclad in Table 1 and Fig. 12. 

Residual Stress. By “residual stresses’ are meant the stresses 
which remain in the material after all the forming forces are re- 
moved (after springback). While it is not the purpose of this 
paper to discuss residual stresses in detail, such stresses are sig- 
nificant in several respects. They explain the well-known fact 
that it is easier to unbend a bend slightly than it is to make the 
original bend. In some materials high residual stresses lower the 
resistance to intergranular corrosion to such an extent that ‘‘sea- 
son cracking”’ results, or formed parts which are not stress-relieved 
may crack in a period of several hours after forming. It is also 
quite safe to say that residual stresses affect the impact and 
fatigue strength of the materials. 

The distribution of residual stresses for a typical bend are 
shown by the ordinates of the curve in Fig. 6. 

Bend Allowance and Strain Distribution. The term “bend al- 
lowance,” as used here, signifies the distance measured around 
the bend on the neutral axis from one point of tangency to the 
other point of tangency with the flat material. In the flat pattern 
or blank, an amount of material equal to this length must be al- 
lowed for making the bend. The bend allowance may also be 
considered as the distance over which deformation takes place 
due to bending. 

Extremely accurate knowledge of the bend allowance and 
strain distribution are of no great practical value. However, 
these quantities are characteristics of the bend which may be 
measured. As such they serve the useful purpose of offering a 
means for checking the general theory of bending against results 
obtained in practice. 


CoMPARISON OF COMPUTED RESULTS WITH MEASUREMENTS 


Springback Angles. For the purpose of comparison, parts of 
the approximate size and shape illustrated in Fig. 13 were formed 
on the rubber-pressure hydropress. The form blocks used in the 
investigation were made of steel. The radii on the blocks were 
produced by experienced form-block makers; however, when ex- 


amined critically they could not be considered as precision-made. 
It was considered at the time that it would be better to observe 
conditions as they existed in the factory, and in this respect the 
radii could be considered as well made. The local imperfections 
were well within a '/,,.-in. tolerance. The springback angle was 
determined to the nearest '/, deg by measuring the difference of 
the exterior block angle and the exterior part angle. Table 3 
shows a comparison of typical measured values with the values 
computed by the method given in this paper. Although the 
figures in the column marked “measured 6,’’ differ from the com- 
puted values for the same nominal pressure (1200 psi) by from 


(A) Form Block 7 


Section removed for 
Strain measurement 


Striations rolled into 
surface coat 


(B) Experimental Part 
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TABLE 3 COMPARISON OF COMPUTED AND EXPERIMENTALLY DETERMINED VALUES 
OF SPRINGBACK FOR 248-T ALCLAD FORMED ON THE RUBBER-PRESSU RE HY DROPRESS 


-——Bend values——. 


—Computed values 


Measuredt 


T Rb =  K* (1200 65 (1200 45 (2000 (1200 psi) 
in. in. deg Ro ko deg psi) deg psi) deg __s psi) deg 1/4 deg 
0.020 1/92 98 0.49 0.050 4.9 17 6.4 6.0 7.0 
1/16 98 0.28 0.076 7.5 1.5 9.0 8.7 9.5 
‘/s 98 0.15 0.139 13.6 1.3 14.9 14.6 13.5 
98 0.077 0.225 22.0 23.1 22.9 23.0 
0.032 1/39 98 0.68 0.038 3.7 1.8 §.5 §.1 4.2 
1/16 98 0.410 0.059 5.8 1-7 7.5 7.1 7.2 
1/5 98 0.23 0.093 9.1 1.4 10.5 10.1 9.7 
1 95 0.120 0.163 15.5 1.2 16.7 16.4 14.5 
0.040 '/i 98 0.49 0.050 4.9 1.6 6.5 6.1 6.5 
i/s 98 0.28 0.076 7.5 1.5 9.0 8.7 9 2 
4 9 0.15 0.139 13.2 1.3 14.5 14.2 13.5 
0.064 98 0.41 0.059 5.8 1.7 7.5 7.5 
1/4 9 0.23 0.093 8.8 1.4 10.2 9.9 9.5 
V/s 50 0.41 0.059 3.0 1.7 4.7 4.3 4.0 
50 «0.067 3.3 1.6 4.9 4.5 4.5 
70 0.41 0.059 4.1 5.8 5.4 6.0 
5/3 70 0.34 0.067 4.7 1.6 6.3 5.9 6.5 
1/4 75 0.23 0.093 7.0 1.4 8.4 8.1 8.2 
75 0.16 0.133 10.0 1.3 11.3 11.0 10.5 
/ 105 0.23 0.093 9.8 1.4 11.2 10.8 10.5 
a/s 105 0.16 0.133 14.0 1.3 15.3 15.0 18.5 
0.020 \/s 50 0.15 0.139 7.0 1.3 8.3 8.0 6.5 
6/32 50 0.12 0.165 8.2 1.2 9.4 9.1 7.0 
1/16 60 0.28 0.076 4.6 1.5 6.1 5.8 5.0 
60 0.19 0.110 6.6 1.4 8.0 6.7 
1/4 75 0.08 0.225 23.6 ea 17.9 17.7 15.0 
a/s 75 0.05 0.300 22.5 0.9 23.4 23.2 21.0 
1/4 105 0.08 0.225 23.6 1.1 24.7 24.5 22.0 
a/s 105 0.05 0.300 31.5 0.9 32.4 32.2 29.2 
0.032 50 0.093 4.7 1.4 6.1 5.8 5.0 
5/32 50 0.19 0.113 5.7 1.4 6.8 5.5 
1/6 60 0.41 0.059 3.5 Ow 5.2 4.8 4.0 
60 0.29 0.075 4.5 6.0 5.7 4.5 
1/4 75 0.12 0.163 12.2 1.2 13.4 13.1 10.7 
a/s 75 0.08 0.220 16.5 wr 17.6 17.3 15.0 
i, 105 0.12 0.163 17.1 1.2 18.3 18.0 15.0 
a/s 105 0.08 0.220 23.0 1.1 24.1 23.8 20.0 
0.040 50 0.076 3.8 1.5 5.3 5.0 5.0 
5/32 50 0.092 4.6 1.4 6.0 5.7 5.5 
1/s 70 0.28 0.076 5.3 1.5 6.8 6.5 7.0 
5/32 70 0.23 0.092 6.4 1.4 7.8 7.5 8.0 
1 80 0.15 0.139 11.1 1.3 12.4 12.1 11.0 
a/s 80 90.10 0.019 15.2 1.2 16.4 16.1 15.0 
105 0.15 0.139 14.6 1.3 15.9 15.6 14.0 
a/s 105 0.10 0.019 20.0 1.2 21.2 20.9 18.2 


* K at 2000 psi = A at 1200 psi multiplied by 


1200 
2000° 


+ Measurements are for specific parts and not average values for a number of parts (accuracy of reading is 


+ 1/4 per cent). 


'/, to 4 deg, this discrepancy is no greater than the variation 
which experience shows will occur in the actual values under pro- 
duction conditions, even when the nominal pressure remains at 
1200 psi. Actually, with such a nominal pressure the localized 
pressure at various locations on the press platen may differ con- 
siderably. The column of computed values of 6, for 2000 psi has 
been added to show the approximate effect of such pressure varia- 
tion. 

Measured Strain and Bend Allowance of Bends. In connection 
with this investigation of springback, the strain distribution in 
representative bends in 24S-T Alclad was also determined. The 
technique for strain determination consisted of rolling into the 
Alclad surface of the blank, prior to bending, shallow striations 
accurately spaced 0.01 in. apart. These striations did not pene- 
trate the Alclad coat and hence did not affect the properties of 
the sheet to an appreciable extent. 

The blanks were formed on the form blocks previously men- 
tioned. After bending the blanks in the manner indicated in Fig. 
13, a section (shown dotted) was carefully cut from the part,’ 
mounted in Lucite as if for micrographic examination, polished 
etched to remove burrs due to polishing, and photographed. A 
suitable enlargement of the photograph was used for making 
measurements. In order to avoid the uncertainty that may arise 
regarding the degree of enlargement, a control strip, cut from 
the marked but unformed blank, was mounted alongside the 
bend section and therefore appeared in the enlargement of the 


7 No appreciable change in shape of the strip occurred when it was 
cut out. 


photograph. This view of the control strip served to establish the 
scale for measuring strains in the bend. 

Measurements of strain were made by establishing bisectors of 
the striation and measuring the distance between adjacent bi- 
sectors with dividers. By making measurements continuously 
from point to point, using the end point of the previous measure- 
ment for the starting point of the next measurement, cumulative 
errors were practically eliminated. 


Fie. 14 ENLARGEMENT OF A Cross SECTION oF A TyPIcaL BEND oF 
24S-T Atctap PREPARED FOR MEASURING FoRMING STRAINS 
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By comparing duplicate measurements by different individuals, 
it is estimated that an accuracy of approximately + 2 per cent 
was obtained. 

An enlarged illustration of a sample bend is shown in Fig. 14. 
Strain distributions for a number of bends are shown in Fig. 15. 

The bend allowance was determined by noting the distance 
between the two intersections of the tensile- and compressive- 
strain distribution curves. Typical measured values are com- 
pared with the corresponding computed values in Table 4. 

Results. As a result of the investigation outlined, the following 
properties of bends were observed: 

1 The strain is in general nonuniformly distributed around 
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the bend, approaching zero more or less gradually at the points 
of tangency of the bend with the flat unformed sheet. 

2 The extent of the bend (bend allowance) measured on the 
neutral surface from point of tangency to point of tangency is 
greater than the value computed by the theoretical formula 
based on the assumption of a circular bend. If the transition 
regions are considered, good agreement exists. 

3 The radius of curvature of the bend at any point* is very 

+ €, 


nearly equal to (This tends to verify the assumption that 


cross sections of the material normal to the neutral axis remain 
approximately plane and normal to the neutral axis during bend- 
ing.) 

4 For bends made on the rubber-pressure hydropress, the 
tensile strains are consistently larger than the compressive 
strains. This is not in agreement with results predicted on 
the assumption that the neutral axis lies close to the center of 
the material being bent. However, for bends made on the power 
brake, the measured tensile strains in the outer surface and the 
compressive strains on the inner surface are approximately equal. 
This, it is believed, indicates that the rubber-pressure hydropress 
subjects the material to some tension in addition to bending. 
(Other observations tend to bear this out.) This tension proba- 
bly arises from a frictional “gripping” action of the rubber on 
the outer surface. 

5 Fairly large abrupt variations in strain are observed. In 
some instances these can be attributed in part to irregularities 
in the form block, but in most instances these results must be 


§’ From Equations [ld] and [le] 
“4 
ate = 


Equations [ld] and [le] were based on the assumption that all cross 
sections which were plane before bending, and normal to the neutral 
axis, remain so after bending. Hence, if Equation [lf] is found to 
hold in an actual bend, the assumption tends to be verified. Note 
that Equation [lf] holds at any given point, but the value of R does 
not necessarily remain the same from point to point, as already dis- 
cussed. 


TABLE 4 COMPARISON OF COMPUTED AND EXPERIMENTALLY DETERMINED VALUES 
OF BEND ALLOWANCE FOR 248-T ane” wa ON THE RUBBER-PRESSURE HYDRO- 


Computed values 


Le 
-——Bend values——. T 
T % T (1200 

in. in. deg Ro psi) OoRd 
0.032 3/64 98 0.51 2.8 0.11 
3/64 98 0.51 2.8 0.11 
1/16 98 0.41 0.14 
/ig 98 0.41 2.7 0.14 
5/64 98 0.34 2.6 0.16 
5/64 98 0.34 2.6 0.16 
3/32 98 0.29 2.5 0.18 
3/32 98 0.29 2.5 0.18 
7/64 98 0.26 2.4 0.22 
7/64 98 0.26 2.4 0.22 
1/s 95 0.23 2.3 0.24 
we) 95 0.12 1.9 0.44 
0.040 1/16 98 0.49 2.8 0.14 
1/16 98 0.49 2.8 0.14 
3/32 98 0.35 2.6 0.18 
3/32 98 0.35 2.6 0.18 
3/32 0.35 2.6 0.16 
7/64 98 0.31 2.5 0.22 
7/e 98 0.31 2.5 0.22 
1/5 98 0.28 2.5 0.24 
0.064 1/4 98 0.45 2.8 0.22 
1/, 98 0.41 2.7 0.26 
1/3 98 0.41 2.7 0.26 
1/5 90 0.41 2.7 0.25 
9/4 98 0.37 2.6 0.29 
9/e6 98 0.37 2.6 0.29 
Vs 95 0.23 2.3 0.45 


00 


Measured 
Le (1200 (1200 Lb (2000 Ly 0.02 
psi) in. psi) in. psi)¢ in. in. 
0.09 0.20 0.18 0.21 
0.09 0.20 0.18 0.19 
0.09 0.23 0.21 0.21 
0.09 0.23 0.21 0.24 
0.08 0.24 0.22 
0.08 0.24 0.22 0.23 
0.08 0.26 0.24 0.24 
0.08 0.26 0.24 0.24 
0.08 0.30 0.28 0.28 
0.08 0.30 0.28 0.29 
0.07 0.31 0.29 0.31 
0.06 0.50 0.49 0.46 
0.11 0.25 0.23 0.29 
0.11 0.25 0.23 0.27 
0.10 0.28 0.26 0.27 
0.10 0.28 0.26 0.27 
0.10 0.26 0.24 0.23 
0.10 0.32 0.30 0.26 
0.10 0.32 0.30 0.28 
0.10 0.34 0.32 0.30 
0.18 0.40 0.36 0.34 
0.17 0.43 0.39 0.35 
0.17 0.43 0.39 0.40 
0.17 0.42 0.38 0.35 
0.17 0.46 0.42 0.39 
0.17 0.46 0.42 0.42 
0.15 0.60 0.57 0.52 


* Values of Le at 2000 psi = Vicor X values of Lc at 1200 psi. * 
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Fic. 16 Comparison oF ComPUTED AND MEASURED Strain Dis- 
TRIBUTION OF A TypicaL RuBBER-PRESSURE-HyDROPRESS BEND 


attributed to the nonhomogeneous or granular nature of the ma- 
terial. 

The measured strain distribution in a bend made on a rubber 
pressure hydropress is not greatly different from the computed 
strain distribution of an ideal bend, Fig. 16. If it is borne in mind 
that the die radii were not extremely accurate, it may be said 
that there is fair agreement within the accuracy of measurement 
between computed and measured values. 

It is found that for accuracy in computing springback it is 
very important to predict closely the extent of the bend. This 
was done in the developed theory by introducing the correction K 
for the transition region. It is much less important to predict the 
exact values of strain. The error in the computed springback 
due to a moderate error in the assumed strain is relatively un- 
important because the value of k, or k, varies only slightly with 
changes in strain, The exception to this exists when the strain 
(e, + e,) itself is quite low, 5 per cent or less. 


Accuracy oF ComPpuTED BEND MoMENTs AND RESIDUAL 
SrREssEs OF SHEET-METAL BENDS 


It is recognized that the material in a sheet-metal bend is sub- 
jected to lateral restraint resulting in biaxial stresses which are 
probably different from those encountered in the standard sheet- 
metal tensile coupon which was used to obtain the stress-strain 
diagrams, and upon which the computations in this paper 
were based. Due to transverse tension there is an increase in 


strength of as much as perhaps 15 per cent (11, 12) as predicted 
by the maximum elastic shear strain-energy theory of strength. 
However, it is also recognized that some lateral restraint (in the 
direction of the width) exists in the tensile coupon during test. 
The latter is evidenced by the fact that reductions in width less 
than the reduction in thickness were observed in the tensile 
tests for the stress-strain diagram. Taking the possible error 
due to the foregoing difference between the bend and tensile 
test into consideration, the computed values of stress and 
moment are probably somewhat less than 15 per cent too low. 
It is doubtful, on the basis of the agreement which exists with ex- 
perimental values and on the basis of theoretical considerations, 
that the error in the computed values of springback is nearly so 
great. This is mainly because there is a change in the effective 
modulus of elasticity approximately equal to the change in 
strength due to the transverse component of the biaxial stress 
acting on the bending. It is seen from Equation [13] that if s 
and E are both changed by the same ratio the value of k is 
unaffected. 

Greater accuracy of the computed values for residual stress 
and moments could be obtained if the stress-strain diagram for a 
condition of combined stresses similar to that in the bend were 
known; but for general practical use this refinement seems un- 
necessary. 
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Fre. 1 View or Lignite Mine Locatep at RockpaLe, TBxas, SHOWING SHALLOW OVERBURDEN, THICKNESS OF LIGNITE BED, AND 
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Lignite—Influence of Storage Conditions 


Upon Size Degradation, Size Stability, 
and Friabilityv 


By C. J. ECKHARDT, JR.,! ann C. W. YATES,? AUSTIN, TEXAS 


This paper is presented for the purpose of focusing 
attention on the little known possibilities of lignite as a 
direct source of potential energy for power-generating and 
industrial purposes, for the manufacture of gaseous fuels, 
and for the manufacture of liquid fuels. More than 18 
per cent of the nation’s reserve of mineral fuels consists 
of lignite, but only an insignificant fraction of this low- 
rank solid fuel is being utilized. Test data are presented 
to dispel misconceptions concerning the characteristics 
of lignite which today stand in the way of its more ex- 


N America, the term lignite is used to denote the amorphous 
I coals which are woody or claylike in their appearance. The 
low rank of this fuel must be attributed in a large measure 
to the absence of great thrust pressures in the course of the dy- 
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tended use. The most serious of these relates to its 
tendency to undergo size-reduction processes while in 
storage and being handled. Nevertheless, it has been 
demonstrated that it is possible to store this fuel with 
complete satisfaction, the conclusions reached from the 
tests described giving factual support to the possibili- 
ties in this direction. Size stability, or measure of 
the ability of lignite to withstand a reduction in size of 
particles when being handled, and friability tests are 
also reported. 


namochemical period of its formation. Thus the paste or binder, 
formed in the earlier biochemical period, was never dehydrated 
and devolatilized to an extent sufficient to produce a coal of higher 
rank. In its “as-mined” state, this fuel generally possesses a 
moisture content of 30 to 40 per cent, an ash content of 6 to 15 
per cent, and a heating value of 6000 to 8000 Btu per lb. When 
subjected to rapid and repetitive moisture-absorption or rejec- 
tion phases, this fuel undergoes more extended size-reduction 
processes than the coals of higher rank. 

The principal deposits of lignite are found in those sections of 
the nation in which no mountain-making movements of the 
earth’s crust have been experienced. An estimate of the nation’s 
reserves of lignite at the end of 1936 is given in Table 1. This in- 
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TABLE 1 LIGNITE RESERVES 

State Reserve, net tons 


formation establishes at once the fact that the deposits of lignite 
in this country represent a source of potential energy of great 
magnitude. Fig. 1 shows a lignite-mine operation, indicating the 
ease with which this type of fuel may be obtained. 


More Tuan ONE Srxtu oF MINERAL-FUEL RESERVE 


Despite the fact that more than 18 per cent of the nation’s re- 
serve of mineral fuels consists of lignite, this low-rank solid fuel is 
being utilized to a very small extent at the present time. Inas- 
much as the magnitude of the reserves of mineral fuels (Table 2) 
with which ‘1e nation has been endowed is relatively very large, 
a traditional disregard exists for sources of potential energy of the 
lower orders. Thus the pattern of its fuel-utilization program 
has become greatly unbalanced. The magnitude of the reserves 
of the more admirable fuels though large is by no means of a suf- 
ficient order to justify unconcern over their prudent utilization 
either in time of peace or in the course of a national emergency. 
TABLE 2 PRODUCTION AND RESERVES OF MINERAL FUELS 

AND THEIR IMPORTANCE IN TERMS OF HEATING VALUE 


Production in 1940—. —Estimated reserves— 
Trillions Per cent Trillions 


Fuel of Btu of total of Btu of total 
Bituminous coals........ 12500 48.0 54100000 79.7 
4 0.2 12580000 18.5 
Anthracite coal......... 1300 5.0 390000 0.6 
re 8500 32.6 120000 0.2 
eee 3700 14.2 100000 0.1 

26040 100.0 67870000 100.0 


The unbalance in the nation’s fuel-utilization program results 
from the lush, frequently wasteful, and in many cases extravagant 
production of the fuels of the higher order. Such fuels of a liquid 
and gaseous nature are mined, transported, and distributed with 
great ease. Their prolific production makes them available at 
costs which tax the imagination. They may, moreover, be uti- 
lized with consummate proficiency. Their period of adequacy is, 
however, of a very much smaller order than that of the solid 
fuels. The frugality with which these liquid and gaseous fuels 
are produced, and the care with which their use is confined to the 
processes for which their use approaches indispensability may yet 
determine the welfare of the nation in the not distant future. 

The failure to utilize lignite to a greater extent may be attributed 
in part to rather widespread misconceptions with regard to the 
heat losses which attend its use as a fuel. The disproportionality 
which exists between the per cent by weight of the fuel which 
consists of moisture, and the loss resulting from the presence of 
that moisture has not been very generally understood. The 
failure in the case of many installations to use appropriate grate 
surfaces has caused this fuel to be maligned with regard to sifting 
losses resulting from the size reduction of the fuel particles as 
heat is applied and the moisture is driven off. Yet it can be shown 
that the water losses of this fuel are no greater than those of some 
of the more admirable fuels and that the size reduction while 
this fuel burns can be rendered inconsequential. The most 
serious misconceptions with regard to lignite relate to its tendency 
to undergo size-reduction processes while in storage and while 
being handled. 


MotsturE ConTENT INFLUENCES PuysIcAL PROPERTIES 


The moisture content of lignite, as well as the rate at which, 
the extent to which, and the frequency with which this moisture 
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Sample After 54 Days Sample After 84 Days 


Sample After 111 Days 


Sample After 160 Days 


Fic. 2. Recorp or Size DEGRADATION OF LIGNITE STORED UNDER 
ADVERSE CONDITIONS 


content is changed, influence to a very great extent the physical 
properties of this fuel. Inasmuch as very little specific informa- 
tion with regard to the size degradation, size stability, and fria- 
bility of lignite is available, a study has been made in this in- 
stance to establish these physical properties of lignite and to de- 
termine the manner in which they are influenced by conditions 
normally encountered in the storage of such fuel. 

Evidence to support the common belief that lignite particles 
approach a state of almost complete comminution when stored 
for extended periods of time under unfavorable conditions 
abounds. Fig. 2 demonstrates this fact quite effectively. It 
should not be inferred, however, that it is not possible to store 
lignite in a satisfactory manner. 

No standard procedure has as yet been established for the de- 


Start of Test Sample After 41 Days 
| 
4 
4 
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termination of specific values for the size degradation of solid 
fuels. The accelerated laboratory-test procedures which have 
been developed for the determination of the slacking characteris- 
tics of coal may be used for the higher ranks of solid fuel. They 
cannot, however, be used in the case of such low-rank solid fuel as 
lignite in an effective and purposeful manner. In the work which 
is reported in this instance, no effort has been made to develop or 
to use an accelerated procedure for this determination. Instead, 
tests were conducted for a period of time comparable to that 
normally involved in the storage of such fuel. Although this 
method is Jaborious, it is nevertheless positive. The results ob- 
tained eliminate all doubt but involve a time-consuming proce- 
dure. It is by no means inconceivable that an accelerated proc- 
ess may be developed when the properties of lignite are better un- 
derstood. 

The term size degradation is used in this instance to denote 
that tendency or property of a solid fuel to undergo a reduction 
in the size of its particles while in storage. For that reason, the 
test samples of lignite were very carefully sized and placed in 
the various kinds of storage. After being placed in storage, 
this fuel was subjected to no handling other than that involved 
in removing it from storage at the end of the given test period 
and that required to resize it after its removal from storage. Great 
care was exercised to reduce the nature and extent of the han- 
dling to a minimum in both cases. By virtue of the fact that the 
initial size of the fuel particles was known and that at the end of 
the period could be determined, it was possible to secure, from a 
comparison of these data, an indication of the extent of the size- 
degradation tendencies in the case of each type of storage. 


Tests FOR S1zE DEGRADATION OF LIGNITE 


In order to conduct suitable tests in this case, an aggregate of 
22,500 lb of lignite, consisting only of particles passing through a 
3-in. round-hole screen and retained upon a 2-in. round-hole 
screen was placed into the following types of storage: 


1 Samples exposed completely to the atmosphere 
Samples exposed to the atmosphere but protected from 
sunshine 

3 Samples exposed to the atmosphere but protected from rain 

4 Samples exposed to the atmosphere but protected from sun- 
shine and rain 

5 Samples exposed to the atmosphere in a basement 

6 Samples sealed in metal cans and subjected to atmospheric 
temperature. 

7 Samples submerged under water in sealed metal cans and 
subjected to atmospheric temperature. 


to 


The amount of lignite indicated was sufficient to permit the re- 
moval of samples from storage for test purposes with regard to 
size degradation and other tests mentioned hereinafter at the end 
of 0, 6, 13, 20, 27, 34, 41, 54, 84, 111, and 160 days. 

In order to compare the size of the fuel particles at the end of 
each test period with the initial size, an appropriate average-of- 
screen-openings factor was applied to each size of fuel particle 
screened at the end of the tests. The factors selected are given in 
Table 3. 


TABLE 3 TABLE OF AVERAGE-OF-SCREEN-OPENINGS 
FACTORS 


Retained on; Passing; Average-of-screen Average-of-screen- 
screen size, in. screen size, in. openings, in. openings factors 
2 3 2.500 1.00 
2 1.750 0.70 
1 1'/: 1.250 0.50 
1 0.875 0.35 
0.625 0.25 
0.250 0.10 


The screens used to make these size determinations were 
round-hole screens which had been constructed to conform in de- 


tail to the American Society for Testing Materials Standard 
Specifications, “‘Sieves for Testing Purposes,” A.S.T.M. Desig- 
nation: E-11. 

Inasmuch as the same samples were used for size-stability and 
friability tests as well as for size-degradation tests, it was neces- 
sary to vary the size of the samples to take into consideration the 
period of storage involved in each instance. The size-degrada- 
tion results were computed in each case in the manner indicated 
by the data shown in Table 4. 


TABLE 4 SIZE-DEGRADATION TEST FOR SOLID FUELS 


Date of Test: June 24, 1942 (160) 
Fuel Index No. 11 Fuel Storage No. 1 
Screen Analysis of Fuel Using Round-Hole Screens 


Retained 
on; Passing; ; Weight, Average of screen 
screen screen Weight, per cent Inches Factor Product of 
size, in. size, in. b (1) (2) (3) (1) X (3) 
SAMPLE 
2 3 6993/4 100.0 2.500 1.00 100.0=8 
Testep Fue. 
2 3 201/2 2.9 2.500 1.00 2.900 
1!/; 2 51/2 0.8 1.750 0.70 0.560 
1 1!/s: 201/2 2.9 1.250 0.50 1.450 
3/4 1 38!/2 5.5 0.875 0.35 1.925 
1493/4 21.4 0.625 0.25 5.350 
1/3 465 66.5 0.250 0.10 6.650 


Total [sum of products (1) X (3) for dropped fuel] = 18.835 
Size degradation = 100.0 — 18.8 = 81.2 per cent 


Size Testep BY Drop-SHatrer APPARATUS 


The size stability of the lignite was determined with the use of 
an appropriate drop-shatter apparatus. Whereas the term “size 
degradation” was regarded as one which denotes the tendency of 
this fuel to undergo a reduction in the size of its particles while in 
storage, the term “size stability” is used here as a measure of the 
ability of this fuel to withstand a reduction in the size of its par- 
ticles when being handled after being removed from storage. 


Fic. Acruat APPARATUS 
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1 | 


Fie. 4 ARRANGEMENT OF CONVENTIONAL DRop-SHATTER APPA- 
RATUS (LEFT) AND MopIFIED APPARATUS (RIGHT) 


The drop-shatter apparatus, Fig. 3, was designed to conform to 
the provisions of the American Society for Testing Materials, 
Tentative Method of “Drop Shatter Test for Coal,’ A.S.T.M. 
Designation: D 440-37T, in all but three details. The changes 
made in the construction of this apparatus could not be expected 
to alter in any manner the results obtained. It was believed that 
these changes would expedite the test procedure. An inspection 
of Fig. 4, in which both the conventional and modified drop- 
shatter-test apparatus are shown will reveal the fact that the 
following modifications were made: 

1 The vertical standards by which the coalbox is supported 
were bent outward at the bottom and extended to the sides of the 
bottom steel plate so that the obstruction otherwise imposed 
might be eliminated. This action greatly expedited the fuel- 
removal and recharging operations, because these operations 
could then be conducted from one side only. 

2 A more complicated latching mechanism was fashioned on 
the bottom of the coalbox in order that the bottom of that mem- 
ber might be opened with less possibility of retarding the move- 
ment of the bottom half of the box to which the ordinary latch is 
usually attached. 

3 A hand-operated winch was incorporated in the design of 
the actual apparatus so that the coalbox might be returned to its 
lower or recharging position with dispatch after the coal had been 
dropped. 

In the determination of the size stability of lignite, a 50-lb 
sample of this fuel, all of which passed through a 3-in. screen and 
all of which was retained upon a 2-in. screen at the end of each 


TABLE 5 DROP-SHATTER TEST FOR SOLID FUELS 


Date of Test: June 24, 1942 (160) 
Fuel Index No. 11 Fuel Storage No. 3 
Screen Analysis of Fuel Using Round-Hole Screens 

Retained Passing; Weight, Average of screen 
on; screen screen Weight, percent Inches Factor Product of 
size, in. _ size, in. Ib (1) (2) (3) (1) X (8) 

SAMPLE 

2 3 50 100.0 2.500 1.00 100.0 = § 


Droprgep 


(3) for dropped fuel] 60.100 = 's 
100 x 100 x S 
Ss 100 


Total [sum of products (1) 
Size stability = 


= S = 60.1 per cent 
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storage period, was given two drops with the use of the drop- 
shatter apparatus in the manner prescribed in A.S.T.M. D 440- 
37T mentioned. These lignite particles were then rescreened and 
the results were computed in the manner indicated in Table 5. 


TESTING LIGNITE FOR FRIABILITY 


The friability of the lignite samples, removed from storage 
after the expiration of the various storage periods, was deter- 
mined in order to measure the ability of this fuel to withstand 
breakage when subjected thereafter to repeated handling. The 
tumbler-test apparatus, Fig. 5, used to conduct these tests was 
constructed to conform in every detail to the American Society 
for Testing Materials, Standard Tentative Method of “Tumbler 
Test for Coal,” A.8S.T.M. Designation: D 441-37T. 

In the conduct of the friability tests, carefully machined cast- 
iron tumbler jars provided with appropriate steel frames having 
suitable lifting shelves were used. Two sets of sieves were em- 
ployed in the conduct of this work. Both sets were of the square- 
hole type arranged to conform to the American Society for Test- 
ing Materials, Standard Specification for “Sieves for Testing 
Purposes, A.S.T.M. Designation, E-11. Those employed for 
sample-preparation purposes measured 2 ft square and were pro- 
vided, in one case, with openings of 1.5 in. between the wires, and 
in the other with openings of 1.06 in. For sizing the lignite par- 
ticles after the tumbling operations had been completed in the 
case of the 1000-g sample in each case, screens having an 8-in- 
diam metal frame were employed. The openings between the 
wires of these square-hole sieves were 1.06, 0.750, 0.531, 0.375, 


TABLE 6 TUMBLER TEST FOR SOLID FUELS 


Date of Test: Feb. 13, 1942 (27) 
Fuel Index No. 5 Fuel Storage No. 7 
Sieve Analysis of Fuel Using Square-Hole Sieves 


Average of sieve 
Retained Passing; Weight Weight, 
on; screen screen recorded, per Inch actor 


size, in. size, in. (2) (3) 
1.06 1.50 1000 100.0 1,280 1.00 100.00 = § 
TumMBLED Fue. 

1.06 1.50 650 65.0 1.280 1.00 65.0 
0.750 1.06 154 15.4 0.905 0.70 10.78 
0.530 0.750 53 5.3 0.640 0.50 2.65 
0.375 0.530 31 3.1 0.452 0.35 1.09 
0.0469 0.375 26 2.6 0.211 0.16 0.416 
0.0117 0.0469 

(No. 16) 37 3.7 0.029 0.023 0.085 

0.0117 

(No. 50) 49 4.9 0.006 0.005 0.024 


Total [sum of products (1) X (3) for tumbled fuel] 80.045 = s 
100 (S — s) es 100 (100 — 80.0) 
Ss 100 


Friability = = 20 per cent 


Fig. 5 TumBier Usep ror LIGNITE- 
FRIABILITY TESTS 
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0.0469, and 0.0117 in., respectively. By virtue of the fact that all 
lignite particle sizes before tumbling were known and those after 
tumbling could be determined, a comparison of these results gave 
an appropriate index to the friability of the fuel. The manner in 
which the results were computed is shown in Table 6. 


INFLUENCE OF METEOROLOGICAL CONDITIONS ON LIGNITE IN 
STORAGE 


In order to evaluate the results obtained in the course of this 
investigation appropriate consideration must be given to the 
meteorological conditions which prevailed in the course of the 
test period which involved a span of 160 days. Among other 
facts, the following data should be borne in mind in the considera- 
tion of the results hereinafter presented: 

1 The tests were begun in midwinter and completed in the 
summer. Thus a wide variety of weather was experienced. 

2 Temperatures as low as 17 F, and as high as 100 F were ex- 
perienced in the course of the test period. The mean monthly 
temperature increased steadily as the test period was extended, 
from a value of only 48.5 F in January to 82.8 F in June. 

3 The relative humidity varied through a very wide range in 
this interval. The lowest value recorded was 8 per cent and the 
highest was 98 percent. The mean daily relative-humidity range 
approximated 25 per cent. 

4 Rains of small magnitude were experienced upon frequent 
occasions, whereas those of considerable magnitude were less 
frequent. The frequency of the heavier rains was, moreover, 


greater in the later stages of the tests than in the earlier periods. 
5 The percentage of possible sunshine per month ranged 


GrapPH OF METEOROLOGICAL Data Wuicn RELATES TO Tests ConpuUCTED 


from 50 to 77 per cent. The greatest irregularity in the case of 
this factor occurred in the early part of the test period. 

The extent to which meteorological conditions influenced the 
size degradation, size stability, and friability of lignite in this 
case very naturally varied to a considerable extent with the na- 
ture of the storage in which the fuel was placed. Some of the 
characteristics of lignite hereinafter presented can only be under- 
stood when viewed in the light of the information thus provided. 
In other cases, the meteorological influences were indeed very 
small. A graphical representation, Fig. 6, of these meteorological 
data is presented to assist in understanding the results reported. 

The results of the size-degradation tests are shown in graphical 
form in Fig. 7. Curves for seven classes of storage are provided. 
Three facts in particular may be established from an inspection of 
these data. They are as follows: 

1 The extent of the size degradation of lignite varies through 
a very wide range depending upon the class of storage involved: 


Size degradation at end of 160- 


Class of storage day storage period, per cent 


Sample exposed completely to atmosphere. 81.1 
Sample exposed to atmosphere but pro- 

tected from sunshine.................. 70.0 
Sample exposed to atmosphere but protected 

28.2 
Sample exposed to atmosphere but pro- 

tected from sunshine and rain.......... 17.1 
Sample stored in basement............... 9.6 
Sample sealed in metal cans.............. 8.8 
Sample submerged under water........... 5.2 
Sample at beginning of test............... 3.2 
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Sample completely exposed, after 160 days Sample protected from sunshine, after 160 
in storage days in storage 


Sample protected from rain, after 160 days in Sample protected from sunshine and rain, Sample stored in basement, after 160 days 
storage after 160 days in storage . in storage 


Sample sealed in metal cans, after 160 days Sample submerged under water, after 160 
in storage days in storage 
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2 Under certain classes of storage, the duration of the storage 
period is of significance. In other cases, it appears to be of com- 
paratively smal] importance. The sample stored in a basement 
reached the 10 per cent degradation point in 160 days. The 
same point was reached by the completely exposed sample in 15 
days. For all classes of storage, the extent of degradation ap- 
pears to be greater in the early storage period than in the later 
stages. 

3 Lignite can be stored for extended periods of time without 
incurring serious size-degradation tendencies under favorable 
circumstances. 

The foregoing data reveal the fact that the rate at which mois- 
ture is transported from the exterior of the lignite particle to the 
interior of that particle in moisture-absorption phases, and the 
rate at which it is transported from the interior of the particle to 
the exterior in moisture-rejection phases, is of tremendous im- 
portance in the size-degradation processes. Inasmuch as the 
fuel particle expands upon absorbing moisture and contracts 
upon rejecting it, it becomes apparent that, in the absence of an 
equilibrium between the rate of absorption or rejection at the 
surface and the rate of transportation through the fuel particle, 
size degradation will accompany both phases. 

The extent to which this degradation process took place in the 
case of fuels in the various types of storage may be observed in 
Fig. 8, in which are shown views of lignite in its initial condition 
upon being placed into storage and in the final condition at the 
end of 160 days of seven different types of storage. Only a casual 
inspection is required to reveal the fact that the visual data com- 
plement the statistical and graphical data previously presented 
in this paper. 

The data obtained in the course of this conduct of size-stability 
tests is presented in Fig. 9, which shows the results for seven dif- 
ferent classes of storage. From an inspection of the data pre- 
sented the following conclusions can be drawn: 

1 Asin the case of size degradation, storage conditions have a 
very great influence upon the size stability of this fuel. The 
range and extent of this influence are as follows: 


Size stability at 
end of 160-day 
storage period, 


Type of Storage per cent 
Sample completely 
Sample exposed to atmosphere but protected from 


Sample exposed to atmosphere but protected from rain. 59.9 
Sample exposed to atmosphere but protected from 


Sample stored in 69.2 
Sample sealed in metal cans......................-- 81.0 
Sample submerged under water.................-.-. 87.5 
Sample at beginning of tests........................ 88.3 


* It was not possible to secure an appropriate sample after 84 days. 


2 The general pattern of size-stability curves, which show the 
tendency of the fuel particles to break when handled after being 
removed from storage, is much like that of the size-degradation 
curves, which show this property with regard to size reduction 
in the course of the storage period. 

3 In the case of samples which were protected from rain and 
to which no moisture was added, the size-stability characteris- 
tics appear to bear a very close relationship to the moisture con- 
tent of the fuel. 


An additional index to the fragility of this lignite can be ob- 
tained by comparing the graphical data presented in Fig. 10, 
showing how the moisture content of the samples varied, with the 
size-stability curves, Fig. 9. 
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The results of the tumbler tests by means of which the fria- 
bility of this lignitic fuel was obtained are shown in graphical 
form in Fig. 11. These data justify the formulation of the fol- 
lowing conclusions: 

1 The character of the storage into which lignite is placed in- 
fluences to a very great extent its friability as well as its size 
degradation and size stability. 


Friability at the 


end of 160-day 
storage period, 
Class of Storage per cent 
Sample completely 64.9 
Sample exposed to atmosphere but protected from 


Sample exposed to atmosphere but protected from rain. 36.5 
Sample exposed to atmosphere but protected from 

Sample sealed in metal cans........................ 21.1 
Sample submerged under water..................... 24.7 
Sample at beginning of storage period............... 15.7 


2 The magnitude of the friability values were greatest where 
the least control was exercised over moisture absorption-rejection 
cycles and they were least where the frequency of these cycles 
was limited to the greatest extent. 

3 The values for the friability of lignite submerged under 
water were found to be higher consistently than those of lignite 
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stored in sealed metal cans. This circumstance must be attrib- 
uted to the fact that the lignite particle structure was weakened 
when it was removed from storage and was permitted to undergo 
a sufficient amount of drying to remove the surface moisture. 
The presence of this surface moisture made it necessary to with- 
hold screening operations for a reasonable period of time after 
removal from the water. 


CONCLUSIONS 


In the future, it seems reasonable to presume, lignite will be 
used as a direct source of potential energy for power-generating 
and industrial purposes, for the manufacture of gaseous fuels, and 
for the manufacture of liquid fuels. It is, moreover, not un- 
reasonable to suppose that, for some of these processes a knowl- 
edge of the size-degradation, size-stability, and friability char- 
acteristics of this low-rank solid fuel may make possible the ad- 
vantageous use of properties which as yet are regarded as un- 
desirable and deleterious. 

The work which this paper represents has been done with the 
hope that through this enlargement of knowledge with regard to 
the properties of lignite, some contribution, however small, may 
be made to the conception of the processes which must be used in 
the future. The authors have the very definite conviction that a 
very great amount of work remains yet to be done before any 
measurable improvement can be expected in the case of the 
nation’s present unbalanced fuel-utilization program. 


4 
3 


Drying Characteristics of Vegetables— 
Riced Potatoes 


By A. H. BROWN! anv P. W. KILPATRICK,? ALBANY, CALIF. 


The food necessities of war conditions have brought into 
prominence the dehydration of foods on a scale never be- 
fore undertaken. Many agencies are studying the prob- 
lems involved, but comparatively little information is as yet 
available in the literature. The present paper takes into 
account the current shortage of construction materials in 
its approach to developing experimental data upon which 
basis dehydrators may be designed and built. The equip- 
ment involved, the conditions of the investigation, as ap- 
plied to the dehydration of riced potatoes, and the analy- 
sis of experimental results lead to the presentation of a 
rational theory of dehydrator design and operation. 


crease in the nation’s capacity to produce dehydrated vege- 

tables. This expansion must take place under conditions 
of critical shortage of structural steel, piping, heaters, boilers, 
blowers, and other materials and equipment which enter into the 
construction of dehydrators. It therefore becomes essential 
to apply the best of engineering knowledge and judgment, to the 
end that the limited bank of critical equipment and material shall 
be invested so as to produce the greatest possible quantity of 
high-grade dehydrated food. It is almost équally important that 
means be available to assess the usefulness of existing driers not 
now being fully used for essential production. These considera- 
tions emphasize the need for a rational theory of dehydrator 
design and operation, because economy in the utilization of equip- 
ment can be assured only on the basis of sound theory. 

Although the dehydrator is the heart of a dehydrating plant, 
the designer must not lose sight of the fact that he is dealing with 
a perishable material. If dehydration is to be successful as a 
method of food preservation, and if the dehydration industry 
is to become permanent, the product must be of a high quality. 
The proper quality of raw material, preparation, blanching, hold- 
ing time before drying, and other practices are as important to 
the production of a stable, high-quality product as is the de- 
hydrating process itself. A short drying time contributes to the 
retention of quality, but only if the temperatures encountered by 
the food material are low enough to prevent excessive rates of 
deterioration. This type of quality degradation must be con- 
sidered for each vegetable as an individual. Proper packaging 
and storage conditions must be provided for the product after its 
dehydration. In all cases, the dehydrator design must be a com- 
promise between a satisfactory drying rate from the engineering 
or economic viewpoint and sufficiently low temperatures to pre- 
serve the quality of the food product during the removal of its 
moisture. 
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r NHE wartime food-production program calls for a great in- 


Fundamental information required by the designer includes 
(a) a material balance, (b) a heat balance, (c) accurate data on 
the properties of air and water vapor, and (d) information about 
the rate at which a specific material dries under different condi- 
tions. The first two items can be set up readily by the engineer, 
and the third is available in humidity tables, but a search of the 
literature reveals little information concerning drying rates. 
Limited data are available on the drying of some fruits, but prac- 
tically none on the drying of vegetables. 

The need for information regarding the drying rates of vege- 
tables has been emphasized in recent articles by Marshall 
(1, 2, 3, 4, 5)? and by Van Arsdel (6, 7,8, 9). The only available 
information (4) is concerned with relative drying rates and is not 
readily applicable to the efficient design of dehydrating equip- 
ment. This paper presents data on the drying characteristics of 
the most important vegetable (white potato), when converted to 
one of its most important commercial forms, namely, cooked and 
riced. 


EquteMENT UsEpD IN INVESTIGATION 


These investigations were conducted in a cabinet drier which 
was locally designed and constructed. Ten trays, each 24 in. wide 
and 40 in. long, were included in the original design, but the ex- 
perimental work utilized only a single tray. The long dimension 
of the tray was perpendicular to the air stream within the drier. 
Heat was supplied by steam coils, and the air was humidified by 
the direct injection of steam. Both the dry-bulb and wet-bulb 
temperatures of the air stream were controlled through motor- 
operated valves, actuated by a throttling type of temperature 
controller. A desired temperature could be maintained within 
+1F. Mereury thermometers were inserted into the air stream 
for use as a continuous check on the temperature controller. 

The air velocity within the drier was adjusted by means of 
baffles and screens, and the variation across the tray in use was 
held to within +5 per cent of a desired value. Velocity measure- 
ments were made with a Biram anemometer resting on the tray 
and were taken at a number of points along the mid-line of the 
tray, perpendicular to the air stream. 

The drying progress of a tray of vegetables was followed by 
weighing at intervals on an external balance. This system was 
found preferable to the internal suspension of a tray because of 
errors introduced into the latter method by the moving air stream. 
Runs were made to compare weight losses when the tray of ma- 
terial was allowed to dry for a definite interval of time without 
interruption and when the drying process was interrupted by fre- 
quent weighings. The results of these comparison runs, and the 
behavior of a trayload of material upon the balance, indicated 
that the drying process is not appreciably affected by the removal 
of the tray from the drier for weighing. ( 


CONDITIONS OF EXPERIMENTS 


The material used for these investigations consisted of white 
potatoes, Oregon Russet variety, No. 1 grade, purchased on the 
open market about the middle of the normal storage season. 
They were held in common storage for a maximum of two weeks 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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after their purchase. (Oregon Russet is a regional name for the 
Russet Burbank variety.) The potatoes were washed; the skin 
was removed in an abrasive peeler; and the eyes and unsound 
portions were removed by hand trimming. The clean potatoes 
were quartered by hand, washed in cold water, and steam- 
cooked at atmospheric pressure for 20 minutes. During the entire 
period between peeling and cooking, the potatoes were held in 
cold water to prevent darkening. Immediately after cooking, the 
material was riced through '/s-in. openings and fell directly on a 
wooden slat tray. The tray was similar in construction to those 
used commercially. A uniform tray loading was secured by mov- 
ing the tray beneath the ricer as required, and the material was 
not disturbed after loading. The trayload was weighed, im- 
mediately placed in the drier, and dried under a desired set of 
conditions. After a run, the product was held overnight in a fric- 
tion-top can to permit equalization of moisture content. Samples 
were taken the following morning and were ground to pass a 2- 
mm screen. Moisture determinations were made by heating the 
ground material in a vacuum oven, at a pressure of approxi- 
mately 12 mm of mercury for 16 hr at 70 C. ‘The conditions were 
similar to those specified in the tentative method for fruit and 
fruit products of the Association of Official Agricultural Chemists 
(10), except that a longer drying period was used, and that dry 
air was not admitted to the oven during the drying period. 


EXPERIMENTAL DaTa 


The variables used for this work were those most simple and 
useful. The use of observed quantities such as dry-bulb and wet- 
bulb temperatures eliminates the necessity of a humidity chart, 
and the use of the total moisture content of the material elimi- 
nates the necessity of knowing the equilibrium moisture content. 
Consequently, the following nomenclature will be used: 


= moisture ratio, total water/dry solids 

= elapsed drying time, hr 

= temperature, deg F 

tray loading, lb prepared material per net sq ft 
= air velocity, linear fpm 

Subscripts: 
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Constant-temperature runs were made under different condi- 
tions of temperature, humidity, tray loading, and air velocity 
in order to determine the influence of the variables involved in 
the drying process. The data which were obtained show that the 
drving process takes place in two major stages: 


1 From 7 to 7 = 0.1, approximately, the drying rate is 
nearly proportional to the moisture content. 

2 From T = 0.1 to 7, the drying rate decreases much more 
rapidly than the moisture content. 


Consequently, the data were handled separately for each stage, 
and the total drying time is the sum of the drying times in both 
stages. Fig. 1 shows the drying curves for riced potatoes from 
T, to T = 0.1 under various temperature and humidity condi- 
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using arun at ty = 150 F, t, = 90 F, Lo = 1.2, and V = 500 asa 
reference value. The effect of these variables is expressed as a 
drying-time ratio, comparing the elapsed time from 7’) to T with 
the reference run. The average effect of these variables over the 
range of 75 to T' = 0.1 is plotted in Fig. 3. Slight initial time 
corrections were applied to the data in order to base them on a 
common value of 7’) = 3.3 for the riced material as loaded on the 
trays. The experimental range of 7’) encountered was from 3.1 
to 3.7, averaging 3.3. 

In order to eliminate possible effects of severe drying conditions 
during the early stages, riced potatoes were predried at t; = 
130 F and t, = 90 F to a value of T = 0.2, approximately, and 
further dried under various experimental conditions. The data, 
showing the drying curves for values of 7’ of less than 0.1, are 


shown in Figs. 4and 5. A study of these curves indicates that the 
original density of tray loading (between 1.2 and 2 lb per sq ft) 
and the air velocity (between 500 and 1000 fpm) cease to have 
any appreciable influence upon the rate of drying when the mois- 
ture content of the material has been reduced to T = 0.1 or less 
(see curve A, Fig. 4, and curve C, Fig. 5). This contrasts sharply 
with the strong influence of tray loading and air velocity at higher 
levels of moisture content, which is shown in Fig. 3. 

Further study indicates that the only significant variable over 
the dry-bulb temperature range of 140 to 170 F is the wet-bulb de- 
pression, or the difference between the dry-bulb and wet-bulb 
temperatures (see curve A, Fig. 4, and curves A and B, Fig. 5). 
Other data indicate that the previous drying history of a trayload 
of riced potatoes has no significant effect upon the point drying rate 
at a later stage. An apparent exception is shown in curve B, Fig. 
4, where a light tray loading was used. This deviation is readily 
explained by the shape of the drying-rate curve at low moisture 
contents and by the relative heterogeneity of light and heavy 
tray loadings when the average moisture content is in the region 
of T = 0.1. The range of T encountered at different depths on a 
lightly loaded tray is much smaller than that on a heavily loaded 
tray. Since a longer time is required to reach an average mois- 
ture content of 7 = 0.1 for the heavier tray loading, the upper 
layers of the material must be dried on the more heavily loaded 
tray. The rapid decrease in drying rate as the lower moisture 
contents are reached (Figs. 4 and 5) permits the average moisture 
content to decrease more rapidly (i.e., shorter times are required, 
taking @ = 0 at T = 0.1) when heavier tray loading is used. 


TREATMENT OF DaTa 


In the earlier stages of this work, the data were converted into 
empirical equations, both integral and differential. The accu- 
racy of these equations was not satisfactory, the form was bulky, 
and the differential forms required graphical integration for other 
than constant-temperature conditions. A simpler treatment re- 
sulted from the construction of empirical nomographs. It was 
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Fic.64 NomoGrapx FoR Moisture RanGE 7) To T = 0.1 
also felt that a nomograph is less likely to be misused by excessive 
extrapolation than an equation. The nomograph for the mois- 
ture range of 7) to T = 0.1 is presented in Fig. 6, and for the 
moisture range of JT = 0.1 to 7 = 0.03 in Fig. 7. These nomo- 
graphs, in combination with Fig. 3 (which assumes the effect of 
air velocity and tray loading to be independent of temperature), 
permit the solution of any problem within the range of the ex- 
perimental data. An illustration of the method follows. 


APPLICATION OF Data TO DesIGN PROBLEMS 


It has been pointed out that the change in air temperature 
from one point to another along a tunnel dehydrator is propor- 
tional to the change in moisture content of the product between 
the two points (7). This leads to the fact that the drop in air 
temperature through the entire dehydrator is related linearly to 
the difference in moisture content between the entering material 
and the product. This principle permits the application of the 
data in Figs. 3, 6, and 7, to the design of a tunnel dehydrator. 

Consider the following problem where a product containing 
about 10 per cent moisture is desired, the remainder to be removed 
in a second stage, and a counterflow tunnel is to be used: 


Entering-air 150 F 
Exhaust-air 120 F 
90 F 
Moisture content of material entering dehydrator... TJ») = 3.3 
Product moisture content... T; = 0.1 


For the present, a tray loading of 1.2 lb per sq ft and an air 
velocity of 500 fpm will be used. The relationship between the 
air temperature and the moisture content of the material within 
the tunnel is shown by the solid line in Fig. 8. This continuous 
relationship may be closely approximated by a series of steps as 
shown by the dotted line in the same figure. The stepwise pro- 
cedure assumes that the drying process occurs in a series of con- 
stant-temperature stages, each holding over a certain change in 
moisture content. Good accuracy of estimate will be attained 
if the number of steps taken corresponds to an average tempera- 
ture change between steps of no more than 5 deg; the steps 
should, however, be graded in size. They should be smallest 
where the drying rate is expected to be slowest and may be 
larger where the drying rate will be more rapid. In Fig. 8, for 


‘Information sheets containing reproductions of Figs. 6 and 7 
on a larger scale, and more detailed information regarding the use of 
drying nomographs, may be obtained from the authors upon request. 


tunnel, since that will be the slowest-drying section of the tunnel 
under these particular conditions. Each step of Fig. 8 may be 
evaluated from the nomograph in Fig. 6 to give the time re- 
quired for each, as shown in Table 1. 

The drying curve of moisture content versus drying time is now 
established and is shown in Fig. 9. For values of Zo and V other 
than those selected, the drying times may be multiplied by the 
proper coefficients from Fig. 3, i.e.. 


6 (at Lo, V) = 0,-f(Lo)-f(V) 


The values of f(Zo) and f(V) are those corresponding to Le and V, 
selected from Fig. 3. Note, however, that no coefficient is re- 
quired for drying below T' = 0.10. 

Equations relating capacity with drying time, tray surface, 
and tray loading and relating the temperature drop in a 
tunnel with moisture content, capacity, and air circulation are 
available (7). Combination of these equations with the nomo- 
graphs presented in this paper permits the solution of problems 
ranging from the equipment requirements to obtain a certain 
capacity to a prediction of the performance of an existing piece of 
equipment. 

Limrrations oF Data 


A number of limitations must be involved in the use of data 
such as are presented in this paper. Differences in variety, ma- 
turity, and storage history have some significance. The tempera- 
ture at which potatoes are riced is of considerable importance. 
While very hot, the potatoes may be riced with a light pressure, 
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yielding an open-grained string. After cooling, ricing is much 
more difficult, and the higher pressure required produces a dense, 
slower-drying string. A material such as riced potatoes is very 
difficult to load evenly on a tray, and any attempt to spread the 
material results in a destruction of the desirable, fast-drying 
open structure of the loosely piled strings. Consequently, the 
data presented herein express the behavior of riced potatoes 
under different drying conditions but must be used with full 
recognition of the factors which cannot be fully controlled. 
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"APPENDIX 
Supplementing:the:general information presented in thé p paper 


Tables 2 and 3 (page 842) give detailed drying data develoned on 


TABLE 4 APPROXIM PI 


Av ws: height of load on tray, in 
True specific gravity.. 
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Apparent specific Tavity on tray. 

Appfogimate decrease in shred or, cent. 50 
Ratio of surface area to volume,? sq ft/cu 32 
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e Trhe specific gravity of dry material ptfirinined by immersion 
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during the investigation, while Fig. 10 shows the tray arrangement 
used, and Table 4, the physical characteristics of riced potatoes. 
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A Thermal Anemometer for 
Low Velocity Flow 


By R. A. SEBAN,' W. H. HILLENDAHL,? E. J. GALLAGHER,’ AND A. L. LONDON‘ 


A thermal anemometer for low velocity flow, which in- 
dicates air velocities in terms of the cooling rate of a heated 
sphere, is described in this paper. The calibration pre- 
sented reveals an adequate consistency for velocities from 
15 fpm to 3000 fpm. Beyond 100 fpm, free-convection ef- 
fects become small and the instrument indication is sub- 
stantially nondirectional because of its spherical form(4) 
(5).2. Operation with transient conditions enables the use 
of small temperature differences, so that free-convection 
effects may be made small. Further, heater input need 
not be controlled or metered, as is necessary with steady- 
state thermal anemometers (6). 


NOMENCLATURE 


The following nomenclature is used in the paper: 
A = sphere surface area, sq ft 
c = unit heat capacity (sphere), Btu/ (lb °F) 
c, = unit heat capacity at constant pressure (air), Btu/(Ib °F) 
(’ = sphere thermal capacity, Btu/°F 
D = sphere diameter, ft 
(; = air mass velocity, lb/(min ft?) 
h = film conductance for thermal convection, Btu/(hr ft? °F) 
k = thermal conductivity (air), Btu/(hr ft? °F/ft) 
k,, = thermal conductivity (sphere), Btu/(hr ft? °F/ft) 
M = mass of the sphere, lb 
qt = hermal current, Btu/hr 
R = sphere surface resistance, (hr °F)/Btu 
= temperature of the sphere (air datum), °F, uv 
T = absolute air temperature, deg R 
7) = standard air temperature, 535 R 
V = air velocity, fpm 
p = air density, lb per cu ft 
po = standard air density, 0.075 lb per cu ft 
r = time, hr ‘ 
uair= viscosity, centipoises 
uv = microvolts thermocouple response 
Dimensionless moduli: 
hD 


Nusselt number 


D 
= Reynolds number 
h h 
Ge, = heat-transier group 
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Consistent units must be employed to secure the non- 
dimensionality assumed for these moduli. 


OBJECTIVES OF INVESTIGATION 


The objectives of this paper are as follows: 

1 To describe the thermal anemometer for low velocity flow 
and to present a calibration for it. 

2 To present an analysis of the ideal system and thereby 
indicate the method of design of such an instrument for a desired 
response. 


DESCRIPTION OF THE INSTRUMENT 


The primary element of the anemometer consists of two bronze 
spheres (commercial ball bearings), one containing an electric 
heater, and each having a single junction of a copper-constantan 
thermocouple circuit imbedded within it. The secondary element 
is a potentiometer for the measurement of the difference in tem- 
perature between the spheres as indicated by the thermocouple. 
Fig. 1(a) shows the spheres in detail. 


TO POTENTIOMETER 


Fig. 
(For dimensions and physical constants see Table 1.) 


ANEMOMETER DeTAIL AND THERMAL CIRCUIT 


The larger sphere of 1 in. diam contains a heater coil of No. 28 
constantan wire, having a resistance of 5.7 ohms. External 
connection of this heater, through a switch to a 3-v source, pro- 
vides a heating current of sufficient intensity to raise rapidly the 
temperature of the sphere above that of the airaroundit. Elimi- 
nation of this heating current is followed by cooling of the 
sphere and it is the measurement of the rate of this cooling which 
gives an indication of the air velocity. 

The small '/;-in-diam sphere provides sufficient thermal capac- 
ity so that high-frequency air-temperature fluctuations do not 
affect the average air temperature as indicated by the thermo- 
couple within this sphere. The small sphere has no other function 
and the subsequent discussion will be of the anemometer primary 
element as consisting of the heated sphere alone. 

The temperature of the heated sphere is measured with respect 
to air temperature as datum and it is stated either in degrees 
F, or in the microvolt response of the copper-constantan thermo- 
couple. The cooling range used is sufficiently small so that the 
thermocouple electromotive force, microvolts per degree Fahren- 
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heit, is constant over the range. Thus the temperature ratio in 
microvolts is sensibly identical to the temperature ratio in de- 
grees Fahrenheit. 

A Leeds and Northrup portable precision potentiometer is 
employed as the secondary element of the anemometer. 

In operation, the heater is used to raise the sphere tempera- 
ture to about 15 F (above air temperature), at which point the 
heater circuit is opened and the sphere begins to cool. The 
potentiometer is set at 300 uv (about 13 F) and timing is begun 
at the null point. A second potentiometer setting is made at 
150 wv and the timing period is ended when the null point is 
obtained. Application of the measured cooling rate, expressed as 
A log t 

T 


(Figs. 5, 6). 


, to the anemometer calibration vields the air velocity 


THE IDEAL SYSTEM 


Assumption of negligible thermal resistance within the sphere, 
with all thermal resistance residing in the air film external to the 
sphere, yields an ideal system for which performance is readily 
predicted. This assumption is valid when the thermal resistance 
of the average internal-conduction heat-flow path (approximately 
hD 
4k, 
For the sphere in question, the surface conductance 
= 20 in the range of calibration, and for 


D/4) is less than 10 per cent of the surface resistance, i.e., 


<10 per cent. 
is always less than h 


hD 
this value —* 7.6 per cent. 


The ideal system thus obtained, Fig. 1(b), is composed of the 
thermal capacitor, C (the sphere), a thermal resistance, R (the 
air film), and a source of energy for charging the capacitor 
(the heater of the actual system). A switch is provided so that 
the source can be removed from the circuit. Electrical symbolism 
is employed for convenience. 

With the source in the circuit there is a thermal current into 
the capacitor C, which produces a temperature rise. When the 
switch is opened the temperature drops as the energy stored in 
the capacitor flows out through the resistance. An energy balance 
on the capacitor for these conditions indicates that the thermal 
current through the resistance is equal to the rate of change of 
energy storage in the capacitor. This current is, in turn, defined 
by the rate equation as the quotient of the temperature differ- 
ence and the resistance. 

Thus from the enefgy equation 


d(Ct) 
dr 
and from the rate equation 
t 
[2] 
where C = McandR 
Ww 
ere can 
Ct 


Sphere C a donation, of t for the small tempera- 
ture. pangs thus 
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The magnitude of h, the effective film conductance, is a func- 
tion of the slope of the cooling curve when that curve is plotted 
on log ¢t, r co-ordinates, 

When h is not a function of ¢, Equation [4] integrated with 
boundary conditions of 


t= to at 7 
t=t at r=r 
yields 
og > 
hA 
RC C | 


This indicates that the cooling curve of the ideal system is 2 
straight line on log ¢t, r co-ordinates and that the slope of this line 
depends upon the conductance h for given sphere dimensions. 

The performance of an ideal system having the actual system 
properties (Table 1) may be obtained if it is assumed that the 


TABLE 1 PHYSICAL CONSTANTS FOR THE HOT SPHERE 


Unit heat capacity, Btu Gb °F)... 

Thermal conductiv ity, km, Btu/ (hr ft? °F /ft). 


conductance h is a function of air velocity only. Then Equation 
[5] may be combined with an equation empirically defining the 
conductance to obtain the predicted performance. This will re- 
late cooling rate to air-mass rate of flow. For forced convection 
from spheres, McAdams (1) recommends the equation 


hD DG\°** 
k 
This may also be written, with ~g = 0.74, as 
h 
Ge, B 
Equation [6] becomes, for air at 75 F 
Gos 


so that combination of Equations [5] and [7a] will yield predic- 
tion of the anemometer performance. 


CALIBRATION OF ANEMOMETER 


Calibration of the anemometer for velocities to 1000 fpm was 
made by means of a rotating-boom mechanism which carried the 
anemometer through a tunnel, Fig. 2. The tunnel was necessary 
for the elimination of extraneous air currents. In the range from 
900 to 3000 fpm calibration was accomplished in the jet of a 6-in. 
wind tunnel, Fig. 3. Air velocities were determined from radius 
and speed-of-rotation measurements for the rotating boom and 
by a pitot tube for the tunnel jet. Rotating-boom ait velocities 
were determined within 2 per cent; pitot-tube determinations 
were less accurate. sae 

Operation of the instrument was as previously destribedy ‘except 
that intermediate temperatures were detérmined as a’ ftinetion of 
time (null-point time values at 250, 200, and 150 yy) after the 
startiof the timing at 300yv. Thesubstantial linearity of the re- 
sponse curves obtained (some are shown in’ Fig. justifies the 
assumptions of negligible thermal résistithde within the Sphere, 
and an effective surface conductance a function of ‘velocity only, 
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(Air temperature 75 F. 


as were made for the ideal system. This is expected since the 
radiation and free-convection effects are relatively small for the 
small change in sphere temperature used. 

The calibration curve of the anemometer, Figs. 5 and 6 (Fig. 6 
reveals in more detail the calibration for the lower velocities), 
presents these slopes as a function of the air velocity. The 
abseissa of the calibration curve is the velocity multiplied by a 


\ 0.71 


Po T» 
density and temperature from calibration conditions. The factor 
is derived-on the basis of a film-conductance variation as de- 
scribed by Equation [8], arranged in the form of Equation [7], 
which assumes a constant Stanton’s number. It will become less 
applicable when free convection contributes significantly to the 
effective conductance (V < 100 fpm). In this range calibration 
should be made for pressure and temperature conditions similar 
to those under which the anemometer is to be employed. 

Since the linearity of the response curves, Fig. 4, indicates a 
close approximation of actual to ideal system behavior, diserep- 
ancies between predicted and experimental behavior of the ane- 
mometer will be due to differences between the actual and the em- 
pirically defined film conductances. Such a comparison is made 
in Fig. 7, where film conductances derived from the experimental 
data and Equation [5] are compared with those indicated by 
Equation [6] and with those indicated by another equation (2) 


factor which compensates for variation of air 


Go.62 


(For calibration, the spheres were mounted more centrally than shown.) 
03 


J - RESPONSE TIME 


000-2000 3000 


Fig. 5 CariBration CuRVE 
V is the air velocity with conditions » and T. For the calibration conditions, 
air at 75 F: po = 0.075 lb per cu ft; To = 535 deg R. The right-hand 
ordinate gives response time for a temperature decrease from 300 uv to 
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Fic. 6 CuRVE 
This is an enlargement of the lower range of Fig. 5. 


as obtained by the transient method for similar spheres in the 
same wind tunnel. The correlation of the experimental data 
from 100 to 3000 fpm is within 25 per cent with the MeAdams 
equation and is much better with Equation [8]. 


ERRORS 


The calibration curve, Figs. 5 and 6, represents the data points 
with an accuracy of 5 per cent and this accuracy is to be expected 
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Fig. 7 COMPARISON OF EXPERIMENTAL AND AVAILABLE SPHERE- 

Data 


(For air at 75 F p = 0.075 lb per cu ft, uw = 0.018 centipoises.) 


Curve A Experimentally determined film conductances 

Curve Evaluation from Equation (1) 

Curve C Evaluation from Equation [8] (2) 

Curve D Magnitude of experimental ‘‘free-convection” conductance 


Units 
h| = Btu/(hr ft? °F) 
= Ib/(min ft?) 
from the instrument when it is used under conditions similar to 
those of the calibration. This similarity requires the same air- 
flow and radiation conditions and a potentiometer of adequate 
sensitivity. 

Reproduction of air-flow and radiation conditions is necessary 
at low velocities because the effective film conductance, as ex- 
perienced by the sphere, is composed of radiation and convection 
conductances acting in parallel. The convection conductance is 
in turn affected by free-convection velocities as well as the veloc- 
ity to be measured. Provided that the cooling range is not 
greater than 13 F and the sphere “sees’”’ surroundings which 
are substantially at air temperature, the radiation conductance 
does not exceed 5 per cent of the total conductance in any case 
and becomes less than 2 per cent at velocities in excess of 100 
fpm. Operation of the anemometer under conditions in which the 
sphere would ‘‘see’”’ surfaces at temperatures appreciably differ- 
ent from that of the air would change the effective conductance 
and so produce error with respect to a calibration not obtained 
for such conditions. 

The measured ‘free convection” (V = 0) conductance was 
h = 1.74 Btu/(hr ft? ° F), a value 75 per cent in excess of the 
empirically defined magnitude. Similarity is not expected be- 
cause velocity distributions for the transient case are not similar 
to those for steady state, nor were air conditions completely 
static when this magnitude was obtained. At velocities below 
100 fpm, the relative contribution of free convection to the total 
conductance is sufficient to require retention of the same cooling 
range and horizontal air flow (as in the calibration), if the cali- 
bration is to be used with confidence. At higher velocities this 
effect becomes small and the instrument calibration should be 
independent of the direction of flow. 

Since timing is made in terms of null-point measurements on 
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the potentiometer, and a cooling range of 150 wv is employed, an 
instrument having a sensitivity and accuracy of 5 uv is required. 
With high cooling rates, greater sensitivity is desirable, but since 
both initial and final time measurements are taken with the 
temperature decreasing, errors due to the length of the galvanome- 
ter period of oscillation and galvanometer insensitivity tend to 
cancel. Use of a larger cooling range would enable utilization of a 
less sensitive and less accurate potentiometer, but free-convection 
effects would become more significant. Installation of a multiple- 
junction thermopile instead of the single-junction difference 
couple would be preferable. 

For low velocities and the attendant low cooling rates, use of 2 
potentiometer of higher sensitivity would reduce the time re- 
quired for measurement and also minimize the free-convection 
effect, since lower maximum temperatures could be employed. 


APPLICATIONS 


The anemometer described is useful for the measurement of 
low air velocities, such as are encountered in air-conditioning and 
refrigeration practice. It operates with a smaller temperature 
difference between instrument and air than do most steady-state 
thermal meters and thus minimizes directional errors due to free- 
convection effects. 

The reasonabie check of experimental and predicted film con- 
ductances suggests the method for the direct determination of 
these conductances when the velocity is above 100 fpm. There 
are many cases where the conductances are of primary, and the 
velocities of secondary, importance (4) and such a direct deter- 
mination would be possible if the objects under consideration 
could be reproduced in a form satisfying the ideal system re- 
quirements (3). 


CONCLUSIONS 


1 A thermal anemometer has been described and a calibra- 
tion has been given for the range 15 to 3000 fpm. 

2 The ideal system analysis, in conjunction with available 
conductance data, provides a basis for the design of such an in- 
strument for a desired response. 
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Investigation of Large Diesel-Engine Wrist- 
pins, Pistons, and Crankcase Explosions 


By F. E. FAAST,' TAMPA, FLA. 


The causes of crankcase explosions in large Diesel en- 
gines have been somewhat obscure, although it has been 
suspected that wristpins might be the principal source. 
This paper contains the results of a research undertaken to 
solve certain wristpin and piston difficulties in large marine 
Diesels which had experienced disastrous explosions of this 
nature. Experiments were carried out on slotted-end 
wristpins having 0.001 in. clearance in the piston bosses, 
for the purpose of studying the effects of different equiva- 
lent amounts of wristpin and boss interference on (a) 
piston deflections; (6) strained shape of the boss; (c) 
holding power in boss. The possibility is demonstrated 
that large wristpin deflections in fixed-end wristpins can 
cause excessive bearing pressures and temperatures, rup- 
ture of oil film, large skirt deflections, all of which consti- 
tute explosion hazards and may cause rupture of the 
piston skirt. It is suggested that these and other 
difficulties noted in the paper could be eliminated 
by the use of full-floating wristpins with suitable piston 
skirts. 


‘ ‘ J RISTPINS have long been suspected as the source of 
most large Diesel-engine crankcase explosions. The 
exact relation between the wristpin, the piston, and 
the conditions immediately responsible for the explosion has been 
more or less obscure. The purpose of this paper is to present 
some findings of a research undertaken to solve certain wristpin 
and piston difficulties in large Diesels in some of which crankcase 
explosions had been experienced. The engines were of 21 in. 
bore, 4 cycle, with trunk pistons. 

The wristpins in these engines were originally force-fitted in the 
piston bosses. This caused the pistons to distort considerably 
out of round and frequently caused excessive scoring in the 
bosses. It was found on disassembly after long operation that 
the piston-boss ends of the wristpin were tapered about !/¢, in. 
per ft, caused apparently by scraping and burnishing during 


pressing-in at assembly. However, when new wristpins were’ 


made up with this amount of taper, even though force-fitted and 
securely doweled to the boss, they loosened after unreasonably 
short periods of operation. 


I-XPERIMENTS WITH SLOTTED-END WRISTPINS 


Experiments were conducted with slotted-end wristpins having 
0.001 in. clearance in the piston bosses. These were secured in 
the bosses by drawing together two cone-shaped plugs in the 
ends of the wristpin, by means of a drawbolt, in order to expand 
the pin ends into the bosses, as shown in Fig. 1. This also 
proved an ideal method for studying the effects of different equiva- 
lent amounts of wristpin and boss interference on (a) piston 
deflections, (b) the strained shape of the boss, and (c) the hold- 
ing power of the wristpin in the boss, or its resistance to turning 

' Consulting Engineer. 

Presented at the National Meeting of the Oil and Gas Power 


Division, Baltimore, Md., June 14-16, 1943, of THE AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS. 


Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Fic. 1 Expanpinc Pin Enps Into Bosses By MEANS OF CONE- 
Piucs Drawn ToGETHER BY DRAWBOLT 


SECTION TMU SECTION THRU Y 


Fig. 2. Deritection or Piston Causep BY ExpANsion OF Bosses; 
PLOTTED ON CIRCUMFERENCE 
(For plug, pull-in = 0.130 in.) 


due to rubbing on the journal. Several thousand precision 
measurements were taken at many predetermined points on the 
piston, as a basis for the graphs accompanying this paper and the 
conclusions reached. 

This slotted-end wristpin and drawbolt arrangement when 
tightened produced deflections in the piston skirt which were ex- 
actly similar to those produced in pistons by straight-end force- 
fitted wristpins. These distortions are shown in Fig. 2 and are 
considered highly significant, for the following reasons: 

1 They show that the pressing-in operation of force-fitted 
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Fic. or Piston Boss Dvr To TIGHTENING CONE- 
PLuas 
(Small end A.) 


wristpins widely used in large trunk-piston engines has much less, 
if any, effect on piston deformation than: is popularly supposed. 
The usual assumption has been that the opposite sides of the 
piston skirt were squeezed together in the pressing operation, 
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Fig. 4 DrametTrat DEFLECTION oF Piston Skirt CAUSED BY 


EXPANSION OF Bosses 


elements of piston wall. 
93 


(Plotted for axial 
sion = 0.0023 in.) 


Average boss expan- 
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causing the skirt to ovalize in a manner similar to the exaggerated 
shape in Fig. 2 (e). Elimination of the pressing-in operation 
proved that the hoop stresses alone, and the resulting expansion 
of the bosses, caused the skirt deformations shown in Fig. 2. 
Consideration of that portion of the boss hoop stresses, acting in 
planes approximately parallel to the piston rings, would indicate 
that this would necessarily be so. The hoop stresses parallel to 
the piston axis, however, cause no skirt deflection except length- 
ening of the skirt. The strained shape of the boss, Fig. 3, con- 
firms this. 

2 Fig. 2 (c) merits special study. This is the deflected shape 
of the piston periphery in a section through the wristpin and 
paralle] to the piston rings. It will be noted that here high 
spots make an appearance on the periphery at about 45 deg 
from the wristpin axis, or roughly just outside the piston 
bosses. These high portions do not appear very prominent, 
but after the wristpin-pressing operation, when the skirt 
took a shape somewhat like Fig. 2 (e), exaggerated, the piston 
skirt was supposed to be rounded up again by hammering 
simultaneously the humps on the opposite sides, until di- 
ameters 1 and 3 were equal. This is regular shop-assembly 
procedure for pressed piston pins for large engines. Actually, 
this operation aggravates the formation of high spots at the 
wristpin level at planes 2 and 4 and goes unnoticed because the 
diameters are ordinarily checked after “rounding up” only at 
points parallel and perpendicular to the wristpin. The condition 
is again further aggravated during operation of the engine, as the 
wristpin expands longitudinally with operating temperatures, 
carrying the bosses and adjacent high spots toward the cylinder 
walls. The strained shape of the piston along axial elements is 
shown in Fig. 4. 

The resistance of the wristpin to turning in the bosses, for 
different equivalent interferences, was measured with the aid of 
the rig shown in Fig. 5. The twisting arm was a heavy, specially 
built clamp-on wrench, secured to the wristpin by a heavy steel 
through-dowel. 


Fic. 5 Ric ror MBASURING RESISTANCE OF WRISTPIN TO TURNING 
IN Bosses 
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 TurNInG Moment ReqQuirepD TO Twist WRIsTPIN IN Bosses 


In Fig. 6 are plotted the twisting moments which were re- 
quired to turn the wristpin. Piston iron deflects about twice as 
much as wristpin steel for equal pressures, since the elasticity 
moduli vary inversely in approximately that proportion. For a 
wristpin interference of 0.003 in., therefore, and with pin-wall 
thickness equal to or slightly less than boss thickness, the boss 
expands approximately 0.002 in. in diam. For this amount, a 
moment of 160,000 Ib-in. was required to initiate turning in the 
bosses. In this connection, if engine operating conditions are fair, 


kia. 7 Apparatus FoR HEATING SLoTreD-ENbp WRISTPINS TO STUDY 
DEFLECTIONS IN PISTON SKIRT 


with a frictional coefficient of 0.008 (Marks), then the “tangential! 
frictional moment will be 


d 
M = fpA = 8400 Ib-in. 


where f = coefficient of friction; p = cylinder pressure, 800 psi; 
A = piston area; d = wristpin diameter. 
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Fic. 8 Der.ection oF Piston PLotrep ON CIRCUMFERENCE FOR WRISTPIN DIFFERENTIAL-TEMPERATURE RISE oF 119 Dea. F 
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160,000 


Factor of safety = ——— = 19.1 
ctor ¢ ety 


The 0.003-in. interference between the wristpin and boss is, 
therefore, ample. 


THERMAL EXPANSION OF WRISTPIN 


It was felt that the effect on piston distortion of possible sudden 
temperature rises during engine operation, in fixed-end wristpins, 
whether due to temporary failure or reduction of lubrication, or 
other reasons, might be profitably scrutinized. 

For this purpose the slotted-end wristpin, with tapered draw- 
plugs was assembled in the piston and heated with hot water. 
This was accomplished by drilling and tapping the taper plugs 
for pipe connections for admitting and discharging water from 
inside the pin. The water temperature was controlled by mixing 
steam with cold water in the supply pipe. Several hundred pre- 
cision dimensions were taken in order to study the deflections of 
the piston skirt, bosses, and wristpin, for various temperature 
differentials. The apparatus is shown in Fig. 7. 

It is pointed out here that the conditions studied under this 
heading refer to that expansion of the wristpin and piston which 
is due only to a differential temperature rise above the normal 
operating temperatures of the wristpin. The conclusions which 
follow would apply, for example, if the engine were operated until 
average pin and piston temperatures become constant, and then 
some sudden rise in temperature occurred in the wristpin, from 
whatever cause. In this connection, the following comments are 
offered: 

1 Fig. 8 shows the resulting deformations at different levels 
on the piston skirt. The maximum piston deformation, caused 
by differential heating of the wristpin, occurred near the pin ends 
at the skirt undercuts. This amounted to about 0.0136 in. per 
100 F wristpin temperature rise. Of course, much of this ex- 
pansion is absorbed in the skirt undercuts and is usually prevented 
thereby from becoming dangerous. The expansion parallel to the 
wristpin decreased toward the bottom of the skirt. The expan- 
sion below the undercut (at M3) was about 0.005 in. per 100 F 
temperature differential, or approximately one third the amount 
within the undercut. 

2 At 45 deg to the wristpin axis, the skirt deformation 
amounted to +0.008 in. per 100 F rise. This value was noted 
just outside the skirt undercuts and about level with the bottom 
of the undercut. This particular deformation is considered 
highly undesirable and dangerous, especially in the light of the 
condition that, unlike skirt deformations occurring at points well 
removed from the bosses, its proximity thereto renders it rigid 
and incapable of flexing to conformity with the liner shape. It 
should be noted that most cases of piston seizures and cylinder 
scoring, as far as could be determined from the experience of 
operators of all types of engines, have occurred in the planes de- 
scribed in this section. 

3 At M, near the bottom of the skirt and perpendicular to 
the wristpin, the piston took a diametral increase up to 0.0055 
in. per 100 F rise. This was contrary to expectations, as in- 
crease of the piston diameter in line with the pin should ordi- 
narily cause shortening of the diameter perpendicular to the pin. 
The paradox can be readily understood, however, by virtue of the 
fact that, as previously explained, circumferential expansion of 
the piston bosses will cause such a skirt deformation, and in this 
instance, the taper plugs and bosses were caused to expand by 
conducted heat from the hot water in the wristpin. 

The customary pressed or expanded-end wristpin designs 
used in large trunk pistons, as has been shown, creates high 
spots along axial skirt elements just outside of the outer boss 
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diameter, or undercut. Comparatively small wristpin tempera- 
ture-differential rises can then spread the rigid bosses apart and 
cause immediate scoring, or seizure; or, when the scoring shaves 
off small pieces of cylinder-wall metal combined with sufficiently 
high friction or burnishing action to cause the pieces to melt or 
become red hot and drop into the hot crankcase gases, immediate 
explosion may result. Paradoxically, well-worn-in engines may 
be particularly vulnerable in this respect, for the following rea- 
sons: In multicylinder in-line engines, bellmouthing of the 
connecting-rod small-end bearing may take place from local con- 
necting-rod misalignments due to: 


9.679'D 
7.609 


} 2D. 


DeralL oF Piston Boss 


Fic. 9 


1 Unequal expansion of the engine frame, caused by high heat 
conditions at the upper end of the structure, as compared with the 
crankshaft temperature. 

2 The lower part of the frame is bolted to the rigid founda- 
tions and is not free to expand with the upper structure. 

3 In marine applications, weaving of the engine frame with 
the ship’s structure. 

4 Local cyclical crankpin misalignments near crankshaft 
torsional-vibration nodal points, and from gas loading on ad- 
jacent cranks. 

The eventual effect of bellmouthing of the upper-end bearing 
is to concentrate the gas loading at the high (center) portion of 
the bearing, with bearing pressure and temperature rising with 
increasing bellmouth taper. From a study of the section through 
M, Fig. 8, it is apparent that even with piston-skirt undercuts, 
or reliefs in the skirt surface, dangerous high points will appear 
just outside or underneath the corners of the undercuts. 
At elevated wristpin operating temperatures, these points are 
doubly dangerous. 

If the piston boss is aSsumed for the sake of simplicity to have 
the dimensions shown in Fig. 9, and the approximate amount of 
expansion of the boss caused by pressing-in the wristpin, on the 
diameter, is taken at 0.002 in., then by Timoshenko’s thick- 
cylinder formula? the increase of the inner radius is 


aq, + “) 
— (| —— 
E — a? m 
where a = inner radius; 6 = outer radius; gq, = internal pres- 
1 
sure; EF = elastic modulus, 19,000,000; = Poisson’s ratio for 
cast iron. Then the internal pressure 
Ed, 
qi + a? + 1 
m 


2 Bibliography at the end of the paper, reference (4), p. 252. 


a 
3 
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and the tensile stress in the boss 


a’q, 
(1 + 4 
where, for r = a, Pp = 4500 psi. 
walled cylinder, this stress would be 3930 psi.) Similarly, the 


compressive stress for r = ais P, = 1840 psi. 
The compressive boss stress due to gas loading is 


= = 5600 psi 


where A = piston area, 342 sq in.; P = gas pressure, 800 psi; 
a = projected area of boss bore, 24.5 sq in. Hence the total 
stress at the top section of the boss is 


Total stress = V (5600 + 1840)? + 4500? = 8640 psi 


This does not take into account the additional stressing due to 
cantilever action of the wristpin on the boss acting against the 
skirt wall, the tangential twisting moment of the pin on the bosses 
during operation, and bellying out of the wristpin at the 
boss edges during the firing stroke. Under certain conditions, 
this bellying can easily rupture the boss and skirt. The ultimate 
stress of the boss and piston iron is about 30,000 psi. The caleu- 
lated stress, plus these variables, probably makes the true factor 
of safety less than 2. 

As far as the wristpin itself is concerned, if it is considered as a 
beam supported at the ends, the following load and deflection 
conditions are possible: 

(a) For uniform loading and fixed ends, the deflection is 

Pi? 


, Where P is the total load 
384El 


(b) For concentrated loading and fixed ends, the deflection is 
192E/ 


(ec) For uniform loading with free ends not fixed, the deflection 


(d) For concentrated loading, with simple ends not fixed, the 
13 
deflection is ——- 
eflection is 
These deflections bear the following relation to each other: 
fo) : @ @ 


For the particular wristpins studied in this case, the deflec- 
tion in case (a) would be 


274,000 x 12.758 
384 X 30,000,000 x 130 


For case (d), the deflection would be 0.0032 in., which would 
be excessive in fixed-end wristpins. The actual value, due to 
gas loading, is somewhere between these points and has been 
calculated at 0.0014 in. for the fixed-end wristpins under investi- 
gation, by assuming the load to be uniformly distributed over 
only the center half of the connecting-rod upper bearing length, 
with proper allowance for partial flexibility of the pin-end fixa- 
tion due to the relatively thin skirt walls. 


= 0.0004 in. 


*“Wristpin Calculations for Automotive Diesel Engines,” by 
G. Rothmann, Zeitschrift des Vereines deutscher Ingenieure, no. 13, 
vol. 81, 1937, p. 384. 

“Influence of the Material and Wall Thickness of Wristpins on the 
Strength of the Piston,’ by Professor Enselin, Bulletin of K. Schmidt 
& Co., Neckarsulm, Germany, 1935. 


(Considered as a thin- . 


For this same load distribution and rigidly fixed ends, the 
maximum fiber stress is 


S = — = 19,600 psi 


2\2 4 


Streeter and Lichty (5)* say this stress should fall below 12,000 
psi. Lucke says the stress should not exceed 15,000 psi. In a 
great many engines, the stresses are well over 20,000 psi when 
similarly calculated. The actual stresses are believed to be 
considerably higher than these values, because of the additional 
twisting stress caused by tangential rubbing of the journal and 
the tendency of the bearing pressure to become concentrated 
near the center of the pin as the bearing bellmouths with wear. 

Professor Enselin,® in carrying out certain experiments for the 
Kk. Schmidt & Company interests in Germany, found the gas loads 
were cracking piston bosses, and ascribed this to the wristpin 
filling up the running clearance in the connecting-rod bearing by 
bellying of the pin under load, since this condition always oc- 
curred when the piston bosses cracked. 

Collier’s fine analysis (7) points to a more satisfying explana- 
tion. He shows that the wristpin fiber stresses are greatest be- 
tween the connecting-rod bearing ends and the boss ends, run- 
ning as much as 8 to 9 times the stress at the center of the pin. 
If a fixed wristpin is considered as a double-ended cantilever 
beam, it is easily seen that maximum stress must occur at the 
point of fixation, or edge of the boss, as he claims, and that the 
tendency of the boss in constraining the highly stressed wristpin 
from bellying out is what places the boss in the condition of 
stress that may rupture it. 


Me 
I 


where 


PREVENTING CRANKCASE EXPLOSIONS 


As the research and experiments summarized by this paper 
(and carried out in the beginning for the sole purpose of solving 
certain wristpin operating and manufacturing difficulties) pro- 
gressed, nearly all signs pointed to a purely coincidental solution 
of the why of many large engine crankcase explosions, and how 
they might be prevented. For this reason the wristpin-heating 
experiment previously referred to was carried out. The follow- 
ing calculations and statements are made to attempt further 
to definitely link fixed-end wristpin designs to crankease explo- 
sions. 

The melting point of wristpin-bearing babbitt is approxi- 
mately 460 F. The 12%/, in. length of wristpin journal will ex- 
pand 12°/, 0.073 < 10-4 = 0.000093 in. per F deg rise, or it 
will expand 0.001 in. for each rise of 103/, deg. The designed 
piston clearance was 0.014 to 0.017 in. This is much reduced at 
operating temperatures, since the water-cooled liner will not ex- 
pand as much as the piston. Even if the operating clearance is 
taken as high as 0.010 in., this clearance would be destroyed for a 
temperature-differential rise, from foregoing wristpin expansion 
figures of only 


0.010 
100 = 125 deg F 
0.008 * 

If the wristpin operating temperature is about 225 deg, a rise of 
460 minus 225 deg, or 235 deg, would be required to fuse the bear- 
ing metal. Piston-seizure tendencies and actual seizure would 
therefore occur long before fusion of the babbitt. 


‘4 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
5 Footnote 3, second reference. 


PB 

is ——-— 
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It is submitted that any appreciable slowing down of engines 
without change in fuel supply may indicate a hazard and should 
warrant immediate shutdown and investigation. For example, 
in the engines studied, a reduction from normal operating speed, 
corresponding to a 15 per cent reduction of power output without 
change of throttle setting, may reduce the engine speed 52.5 
rpm, and the output approximately 352 hp. This represents a 
power loss of 

352 X 33,000 

778 

If this loss is represented by friction at a high spot on the piston, 
caused by a temporary temperature rise in the wristpin due to, 
say, temporary partial failure of lubrication or rupture of oil film, 
the piston-wall area heated thereby may be considered, for the 
sake of conservatism, to be as large as 80 in. square, in order to 
offset heat losses through radiation and conduction. The 
cylinder liner and piston were semisteel. 


= 15,000 Btu per min 


Density of semisteel = 470 psf 

Thickness of liner = 1.098 in. 

Thickness of piston skirt = 0.530 in. 

Specific heat of semisteel = 0.120 

0.530 X 100 470 
1728 


Weight of 80 sq in. of skirt area = 
11.5 lb 


In view of the relative wall thicknesses, the greater heat con- 
ductivity of the water-cooled liner, and periodicity of contact, 
only one third of the available generated heat is taken for heating 
the skirt wall. The theoretical temperature rise of the skirt sec- 
tion would then be 


15,000 
3 X 11.5 XK 0.120 


= 3630 deg F per min 


above the initial temperature of about 300 F. This gives a total 
temperature of 3930 F. In other words, since the melting point 
of semisteel is approximately 2200 F, the piston iron at the high 
spot would melt easily in about !1/. min. It should be further 
noted here that the assumptions made in reaching this figure 
lean so far to the side of conservatism, it is believed that, for the 
conditions assumed, melting would occur in much less time than 
this. Seizure and resultant stalling tendencies, or slowdown, 
of the engine are more often accompanied by local fusion in much 
smaller hot spots on the piston and liner surfaces. Actually, 
it is believed that the first few hot sparks of molten metal that 
can fly past the bottom of the piston skirt and into the crankcase 
vapors at the beginning of the scoring action will start off an ex- 
plosion, if the crankcase has any tendency to run hot and an 
appreciable amount of air is present to support combustion, or 
rather detonation. 

In view of the possibility that large pin deflections in fixed-end 
wristpins can cause excessive bearing pressures and tempera- 
tures, rupture of oil film, large skirt deflections from resultant 
heating, all of which constitute explosion hazards, and even 
rupture (1) of the piston skirt, it is submitted that most of these 
and other vulnerable features noted in this paper could be elimi- 
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nated by the use of full-floating wristpins with suitable piston 
skirts. The advantages of such a design would be: 

1 Boss stresses would be maintained at reasonable limits 
under all operating conditions. Collier’s analysis sets the wrist- 
pin stresses between the edge of the boss and the edge of the 
bearing at 8 to 9 times the stresses at the center of the journal. 
Most of the resulting strain will be prevented from being trans- 
mitted to the boss if the latter is provided with floating clearance. 

2 Reduced lubrication for short periods of time and high 
wristpin operating temperatures would not cause hazardous pis- 
ton deformations, since the resulting thermal pin expansion would 
merely be absorbed, or “float,’’ in the bosses. 

3 Elimination of piston distortions which accompany fixed- 
end wristpins, whether force-fitted or expanded-end types. 

4 Elimination of permanent distortion of the piston due to 
the rounding-up operation in shop assembly. This distortion 
can only be removed by machine-turning the piston after as- 
sembly with the piston pin, and upon disassembly the skirt 
would again distort. 

5 Reduction of hazards from cylinder deformations and local 
high spots on the cylinder wall or piston skirt, due to the flexibility 
of the piston skirt and its ability to change shape to suit condi- 
tions. This is impossible with fixed-end pins, as the latter makes 
the skirt a rigid structure at exactly the skirt height where it 
will do the most damage. 

6 Less precise manufacturing required for floating journals 
and bearings. 

7 Less complicated means needed for securing the wristpin. 
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Proposed Expressions 


for Roots’ Super- 


charger Design and Efficiencies 


By F. A. HIERSCH,' ANN ARBOR, MICH. 


This paper defines certain proposed positive-displace- 
ment-blower efficiencies in Equations {1}, [2|, [3], [5| in 
terms of slippage air, i.e. (1 — vol. eff/100), which is taken as 
a means for rating the design of the blower. Equation [6) 
may be used to obtain »,, which is defined as the ‘‘slip’’ 
polytropic-compression exponent. The first example 
showsactual details of computation of optimum rotor-bore 
diameter and axial length for a given delivery volume, 
speed, impeller clearance, and head based on the methods 
given by K. Schopper.?. The volumetric efficiency for 
the given blower design is then compared with that of the 
optimum-design blower. These results are then applied 
in Equations |1] and [2]. In the second example volu- 
metric efficiency is plotted against the ratio of axial length 
to bore diameter with conditions fixed as in the first ex- 
ample. These results may be applied to Equations |1| and 
[2]. 


INCE we may determine the optimum rotor diameter? * ¢ for 
S maximum volumetric efficiency in a Roots’ blower of a given 

capacity at a given speed, and since we may also calculate 
the temperature-rise effect due to slippage air,® it is therefore 
possible to establish a theoretical design efficiency for such a 
blower. 

1 It is suggested that the ratio of the adiabatic temperature 
rise, plus the temperature rise due to slippage air for the ideal 
design (optimum rotor diameter), to the adiabatic temperature 
rise, plus the temperature rise due to slippage air for the actual 
design, be designated the ‘Roots’ adiabatic design efficiency.”’ 

2 Likewise, it is suggested that the ratio of the sum of 
the work of adiabatic compression plus the work equivalent of the 
temperature rise, due to slippage based on optimum rotor di- 
ameter, to the work of Roots’ type compression plus the work 
equivalent of the temperature rise, due to slippage based on actual 
rotor design diameter, be designated as ‘Roots’ type design 
efficiency.” 

For case 1: 

Roots’ adiabatic design efficiency” 
(1 + Sos + 805%) 


+ AT os) — Ti] _ AT [1 + + _ (1 + 80s + 8007) 


((T'2’ + AT AT [1 + sas + 8as?] + Sas + Sas") 

' Assistant Professor, University of Michigan; at present Mechani- 
eal Engineer, N.A.C.A., Engine Research Laboratory, Cleveland, 
Ohio. 

?*“Das Rootsgeblise als Ladungsverdichter an Mercedes-Benz 
Motoren,”” by K. Schopper, Automobiltechnische Zeitschrift, vol. 38, 
1935, pp. 28-32. 

’ 3“Problems in the Design of Roots’ Type Superchargers,”’ by P. 
M. Heldt, Automotive Industries, vol. 72, 1935, pp. 450-452. 

‘ “Internal Combustion Engines,’’ by L. C. Lichty, fifth edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1939, p. 471. 

5 “Tnlet-Air-Termperature Correction in a Roots’ Supercharger,”’ by 

. A. Hiersch, presented at the Annual Meeting, New York, N. Y., 
Nor 30—-Dec. 4, 1942, of THe AMERICAN SocteTY oF MECHANICAL 
ENGINEERS, 

Presented at the National Meeting of the Oil and Gas Power 
Division, ‘Baltimore, Md.,.:\June 14-16, 1943, of THe AMERICAN 
Society OF MECHANICAL ENGINBERS. 

Noyes: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


= NaAd-d. = 


where 
T, = inlet air temperature 
T2' = calculated adiabatic temperature rise 
AT Gs = AT (Sas + Sas?) = (T2’ — Ti) (Sas + Sas?) 
Sa.= slippage air in parts per hundred, calculated from 
actual design data 
AT = AT (See + 80s?) 
Sos= slippage air in parts per hundred calculated from idea 
design data. 
The standard form for Roots’ type sng is 


Applying the second definition this becomes the “Roots’ type 
design efficiency,” or 


-1| 
= 


Nos — + wlep(asT 2’ — 


w R(osT 2’ 


= - [2 
where 
are T2’ + AT (Sos + 
= + AT (Sas + Sas) 
and 


Nos = polytropic-compression exponent 
For the case of built-in compression, the numerator of Equation 
[1] remains the same. The denominator may be applied in the 
same form if an over-all flow coefficient k is determined which 
will take care of design slippage loss through both the built-in 
adiabatic compression and the Roots’ type compression stages. 
Taking care of each stage separately, Equation [1] becomes 


AT (1 + 802 + 80s”) 


(Built-in compression) (Root’s type compres- 
sion) 
where (,7',’ — and (,7.’ — T,) represent the adia- 


batic temperature rise for the respective stages. 

The application of this expression is evidently simple after the 
volumetric efficiency and k?: § has been fixed for each stage of com- 
pression. It might prove more convenient in practice to use test 
values in Equation [1] in the denominator and to apply a casing- 
loss coefficient to the numerator. This would result in an effi- 
ciency expression, based upon adiabatic temperature rise, design 
slip loss, and a casing enthalpy-loss coefficient c in the numerator, 
and an ‘adiabatic temperature rise and measured slip loss s.in the 
denominator, or 

(1 + s + s*) 

For case 2, terms must be added to the denominator because of 
the mixed type cotipression. ‘Thus for.Case 2 the expression 
becomes 
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"R.t.d. = 
Nos T;’ 
1 (piti) Ee 1] + — T 2) + (p2 — + — 


Nos 


i (wR(os7'’— 7')] 


Noe, — 1 


where the subscript z indicates the state at the end of adiabatic 
compression and the beginning of Roots’ type com- 
pression. The first two terms in the denominator give the 
work of adiabatic and Roots’ type compression, while the 
last terms account for work resulting from slippage com- 
puted from design values. 

A simple relationship giving an index of the design efficiency 
and making use of volumetric efficiency may be had by solving 
for n, the slip polytropic-compression exponent in the equation 


where 
sT:' = + AT(s + 8*) 
T;' = calculated adiabatic temperature 
AT = (T: — T;) observed outlet- and inlet-air temperatures 
s = slippage air in parts per hundred 


COMPUTATIONS 


Example 1: 
Qa = 0.351 cu ft per rev = theoretical displacement 
a = 9.637 in. = bore diameter 
l = ca = 7.572 in. = rotor length 


ross-sectional area 
m? = = 0.45, a constant 
Circle of bore diameter 


g = 0.006 in. = impeller clearance 
n = 2500 rpm = speed 
p = (Pp: — ri) = 9 in. Hg (pressure head) 
Q, = actual air delivered in cu in. per min 
K = 150 qpK = leakage factor 
k = experimental flow coefficient = 400 (when p = 9 in. 
Hg) 


2= 5 


Calculation of Q,: 
Q, = sean — 3K(ca + (7) 
z= 3 — 0.45) = 0.865 
K = 150(0.006)(9)(400) = 3240 
Substituting values 
Q, = (0.865)(7.572) (9.637) *(2500) — 3(3240)(7.572 + 9.637) [8} 


= 1,354.10* cu in. per min 
Volumetric efficiency for the design given may now be com- 
puted as follows 


10°} 1 3zanK + 3KQ, 
Yeol = — 3Ka'n 


= 107} 1 — 
(0.865) (9.637)2(2500) (1.354-10°) + 3(3240)(9.637)3(2500) 


+ Pave + wep e'— Te) + — 


substituting values 


3(0. 865) (9.637) 3(2500) (3240) + 3(3240)(1.354- 10°) 


89.08 per cent................ [10] 
The optimum design may be determined as follows: 
a, = optimum bore diameter, in. 
a a 
substituting values 
1354-108 (1354-108)? 27(3240)* 
° (0.865) (2500) (0.865)2(2500)? (0.865)3(2500)? 
+ _ 1.354-108 (1.354-10%)? 27(3240)? 
(0. 865) (2500) (0.865)2(2500)? (0. 865)#(2500)* 
{12} 
a, = 11.47 in. 
From Equation [7] 
Qa + 3Ka 
1.354-10* + 3(3240) (9.637) = 0.4649. [14] 


“+ (0.865) (9 .637)*(2500) — 3(3240) (9. 637) 
ca, = |, = 5.33 in. (optimum rotor axial lengt’s)... . [15] 


The optimum volumetric efficiency with fixed values of Q,, 9, 
n, p, and K may be calculated from Equation [3] by using the 
optimum dimensions a, and I, 


= 10? 1 
(optimum) 
3(0. 865) (11.47)*(2500)(3240) + 3(3240)(1.354-10*) | 
(0.865) (11. 47)2(2500)(1.354-10*) + 3(3240)(11.47)*(2500) 
an GD. per [16] 


From Equation {1], Roots’ adiabatic design efficiency may be 
determined as follows: 


Nvol 
tim 
= optimum slip = optim) | = (1—0.8933) 
= 0.1067 


| 


sy. = design slip = [ 
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Nvol 
(design) 
100 


(1 + 0.1067 + 0. 10672) Pi 
2 = x t [1 
(1 40.1092 +.0.1092%) 22-23 Per cen 


| = (1 —0.8908] = 0.1092 


Nadd = 10 


“Roots’ type design efficiency” is calculated with the use of 
Equation [2] and the following values: 

ky = 2 = 1.397 for air 

R = gas constant = 53.34 for air 

J = 778 ft-lb 

cp = 0.241 

p; = 2116 lb per sq ft 

po = (29.92 + 9)144-0.491 = 2752 lb per sq ft 

v, = 0.351 cu ft 

T; = 520 deg R 


| (2) 


n=k, 
520 _ (218) 
\2752 


T.' = 560 deg R 
os!'s’ = 560 + (560 — 520)(0.118) = 564.72 deg R 
al,’ = 560 + (560 — 520)(0.121) = 564.84 deg R 
pir, = wRT, 


(2116)(0.351) 
(53. 34) (520) 


564.72 


= 0.02678 lb 


520 2116 
n,, = 1.458 
= 
0.458 
| (0.02678) (53.34) [564.72 — 520] | 
(2752 — 2116)(0.351) + (0.02678) (778) (0.241) (564.82 — 560) 
= 82.1 per cent.................. {18} 
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Example 2: 

Equations used in Example 2 appear in Example 1. The 
curve, Fig. 1, shows the effect on volumetric efficiency of devia- 
tion from optimum design. These results may immediately be 
applied to Equations [7] and [8]. 

The curve is calculated for a blower operating under the fol- 
lowing conditions: 

Q, = 1.947-108 cu in. per min 

q = 0.006 in. 

K = 3240 

z = 0.865 (m*? — 0.45) 

n = 2500 rpm 

= (p: — pi) = Din. Hg 

camamen = 91.49 per cent (calculated) 

a, = 12.54 in. (optimum bore diameter; calculated) 
ca, = 1, = 5.91 in. (optimum axial length; calculated) 
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Portable Oil-Well Drilling and 
Servicing Equipment 


By JAMES MOON,! LOS ANGELES, CALIF. 


This paper deals mainly with descriptions of certain oil- 
well drilling and servicing equipment carrying its own 
derrick as well as the necessary hoisting and rotary drilling 
equipment. Such equipment is mounted permanently 
and integrally on wheels, making it completely mobile over 
highway and across country. The equipment described is 
of two types, i.e., self-propelled or trailer-mounted. In 
either case, the entire machine is transportable, virtually 
with no disassembly; and moving from one well to an- 
other has proved to be a matter of minutes. Design and 
design requirements of this equipment and records show- 
ing its usefulness are discussed. Figures are given concern- 
ing the saving of steel. Safety requirements and their ef- 
fect upon the design are also considered, as well as the re- 
quirements concerning the use of such equipment over 
state highways. 


History DEVELOPMENT 


N 1939 Laurence O’Donnell? mentioned that one’s first im- 
| pression of an oil field is a large area covered with derricks. 
In fact, the expression ‘“‘a forest of derricks” is often heard 
from individuals as they first view a producing area. He further 
stated that newer oil fields, with depths of 4000 ft and possibly 
greater, will not in the future be marked by permanent derricks. 
Time has borne out Mr. O’Donnell’s prophecy, as portable derrick 
In Cali- 
fornia, the Bolsa property of the Signal Oil Company is not 
equipped with a single permanent derrick. Wells 11,500 ft in 
depth have been serviced with portable derrick structures, and 
wells to 6000 ft have been drilled with the same kind of equip- 
ment. 


structures are beginning to enjoy increasing popularity 


Prior to 1939, wells had been drilled and serviced without per- 
manent derricks, it is true, but the equipment was ill suited to 
the service needs and wells of greater than 4000 ft depth required 
some form of permanent structure. For shallow-depth wells, 
single- and double-pole masts, integrally mounted with a service 
hoist on a truck or trailer, had been used. 

Cardwell, Hopper, Wilson, and Franks all had portable hoist 
machines of this type, some built from the ground up, others 
built on standard truck and trailer chassis. Also, for about 3 
years prior to 1939, Franks had been building short one-piece 
open-face portable derricks, carried as an integral part of the 
complete machine. These derricks were power-raised and were 
used for drilling and servicing shallow-depth wells. However, 
since they were only 47 to 56 ft high, doubles of range 2 could not 
be stacked, nor was it possible to hang rods in doubles. Taller 
pole masts could be designed, but the problems connected with 
this design became somewhat acute with the greater heights. 


‘Franks Manufacturing Corporation, Tulsa, Okla.; Hillman- 
Kelley, Inc., Los Angeles, Calif. 

?““A Revolutionary Derrick Development,’’ by Laurence O’ Donnell, 
Shell News of the Shell Oil Company, May, 1939. 

Contributed by the Petroleum Division and presented at the 
Semi-Annual Meeting, Los Angeles, Calif., June 14-17, 1943, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


Therefore, the Shell Oil Company, after extensive collaboration 
with this manufacturer decided upon an entirely new idea in well- 
servicing equipment for East Texas. This involved the design of 
a completely portable integrally mounted hoist and an 84-ft 
100,000-lb-capacity telescoping derrick mounted upon a Marmon- 
Herrington all-wheel-drive truck of 50,000 Ib gross vehicle weight. 
The complete machine weighed 42,000 Ib and had a 140-hp gas- 
gasoline engine. It was delivered early in 1939. 

About the same time, there were being developed for several 
major oil companies, portable “‘slim-hole” and exploratory drilling 
machines, capable of going to 4000 ft and also carrying their own 
power-raised derricks, pumps, two engines, draw works, and ro- 
tary table. Such rigs cut moving time by 60 per cent, according 
to a paper presented by E. E. Davis, and H. V. Steadman.* 
Hence it might be said that 1938 saw the birth of a trend toward 
portable drilling and servicing equipment, completely and inte- 
grally mounted, transportable as a single piece, and capable of 
handling the deeper wells. 

Since 1938, there has been a definite trend by the oil companies 
toward the use of such equipment, and there are now on the 
market a considerable number of designs, all incorporating the 
portable-derrick idea. Time does not permit going into the de- 
tails of all of these, nor is the author thoroughly familiar with all 
the various makes and types now in use. However, some inter- 
esting features of a few designs will be discussed. 


USEFULNESS OF EQUIPMENT 


Naturally, the purchase of any piece of equipment must be 
justified by the economics of its use. It is extremely doubtful 
if any portable derricks have been or shall be sold just because 
some oil company does not desire to have its property cluttered 
up by a lot of permanent derricks. An investment, such as re- 
quired by one of these machines, is considerable, and an oil ecom- 
pany must be assured of its financial soundness. 

Therefore in making a cost analysis and comparison, we find 
several important items. First is the cost of the permanent 
derrick, which Carl White, Jr.,‘ in a recent paper estimates to be 
as high as $1750, complete with a two-sheave crown block and 
tubing board. If the well requires frequent servicing, a lighting 
system as well as a tubing line will probably also be installed. 
These must be added for each and every well. The second con- 
sideration is rig-up time. If the derrick is left without a crown, 
one must be installed, together with a line and block each time 
the tubing or rods are pulled. The third item is maintenance and 
taxes. Every derrick standing must be maintained against 
weather and general oil-field depreciation. Taxes must be paid 
each year on each derrick structure. The fourth is erection cost, 
which will run beween $400 and $650. 

Offsetting this in the portable hoist-and-derrick unit, there is 
but one piece of equipment, one lighting system, one crown block, 
one pulling line and block, and one machine to maintain and pay 


’“The Development of Slim Hole Drilling,’’ by E. E. Davis and 
H. V. Steadman, Proceedings of the American Petroleum Institute, 
9th Annual Meeting, November, 1938, sec. 4, ‘‘Production,”’ pp. 79-84. 

‘ “Why Slim Hole Drilling?” by Carl White, Jr., paper presented at 
the American Petroleum Institute, district meeting, Pampa, Texas, 
April 8, 1940. 
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taxes upon. The derrick is arranged to carry the pulling lines 
permanently strung. Erection of the structure is by power and 
consumes but a few minutes. The structure can be easily taken 
down in bad weather. 

The price of the largest of these machines, which is capable of 
servicing 10,000-ft wells and drilling to 5000 ft, is approximately 
$30,000, and such a machine is capable of servicing from 50 to 
100 wells, depending upon the nature of the field. The cost of 
16 or 17 permanent derricks alone, disregarding the costs of erec- 
tion, extras, and maintenance, is sufficient to justify the pur- 
chase of such equipment. 

As an example of the use of these machines for drilling, a paper 
by T. A. Atkinson’ on a portable drilling rig is quoted. The 
machine used was the Ideco Hopper trailer-mounted portable 
derrick and hoist and is used by the General Petroleum Corpora- 
tion for drilling 12'/,-in. holes to 2000 ft. Table 1 gives an idea of 
the performance of this rig. 


TABLE 1 AVERAGE TIME FOR WELL-DRILLING WITH PORT- 
ABLE RIG, BASED ON DRILLING PERFORMANCE FOR FIRST 
TEN WELLS 
Time 
required, Per cent 
Operation hr of time 

Move, rig up, drill rat hole, spud in. Pic Re canes 26 10 
On bottom 43 16 
Round trips to drill and ream....................5. 13 5 
Round trips to core and service core................. 12 5 
Formation testing and electric logging............... 12 5 
Running casing, liners, and cementing............... 8 3 
Standing cemented and recemented. . 69 26 
Miscellaneous (oil machinery, Fepairs, circulate, sete.) 31 12 
Bail, run rods and tubing....... : ae 43 16 
Total per well. 263 100 


In the panhandle district of Texas, another major oil company 
using a Franks’ self-propelled drilling machine, complete with 
integral derrick, drilled a total of 105,000 ft of 6%;,-in. hole in 11 
months for a total of 33 wells. 

It has been proved repeatedly that portable drilling machines, 
complete with derrick, can be moved in and set up and drilling can 
be begun in from 4 to 8 hr. Servicing machines, carrying their 
own derricks, have been moved in and erected, and begun pulling 
rods or tubing in less than 1 hr. Furthermore, the same crew 
doing the moving and erecting is used for the drilling or pulling 
operations, 

A typical example of the usefulness of these units is the experi- 
ence of a drilling contractor in Texas, who in 1 year with one of 
these rigs worked on 58 wells, including 16 cleanouts, 11 deepen- 
ings, 10 rotary follow-ups, and 21 jobs of running tubing. Moves 
in excess of 100 miles and rig-up the same day were not unusual. 

Another example of the use of a truck-mounted servicing ma- 
chine is reported from California where one of these units moved 
from Santa Maria to Ventura in a driving time of 6 hr, and 
moving onto a small mountainside location after negotiating a 
curving mountain road, and with an inexperienced crew, pulled 8475 
ft of 3-in. tubing in 7 hr, and ran it back in slightly less than 5 hr. 

Still another example is that of a trailer-mounted machine being 
used for both drilling and servicing. In slightly less than 1 year, 
it has drilled 16 wells (2000 ft average depth), redrilled two others, 
and is being used to service 28 wells without derricks, which range 
in depth from 9000 to 11,500 ft. During the year it made seven 
long moves, two being more than 100 miles. 

Besides the saving in cost of new derricks, there is also the sav- 
ing of steel. It is estimated that approximately 90,000 tons of 
new steel derricks were used in 1941 and left standing over the 


5 “Portable Drilling Rig,’’ by T. A. Atkinson, paper presented at 
the Los Angeles Meeting of the American Institute of Mining Engi- 
neers, October 29 and 30, 1941; also abstract, Oil and Gas Journal, 
vol. 40, Nov. 13, 1941, Digest of A.I.M.E. papers, p. 44. 
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holes of nearly 10,000 new wells. Taking as an average example 
the 94-ft servicing derrick, complete with crown block, tubing 
board, and pulling line, but without substructure, we find an ex- 
penditure of steel amounting to approximately 9 tons. A brief 
analysis made last year of portable telescoping derricks, engaged 
in servicing work, showed that eight such machines had replaced 
or would replace a total of 452 permanent derricks (many of 
which had never been erected) with a total saving of 4068 tons of 
steel. Since that time, many more portable telescoping servicing 
derricks have been placed in service. 


DESIGN AND DESIGN REQUIREMENTS 


The design requirements of portable drilling and servicing 
units are many and varied. Some types must serve the double 
duty of both drilling and servicing oil wells. Other types are de- 
signed for a single purpose, either that of servicing or drilling. 
Each type has its place. Also, there are several types of skid 
derricks on the market used for drilling only, which are dis- 
mantled in several pieces. Some of these derricks are part of 
complete skid drilling machines, such as the Franks or the Brews- 
ter skid type. Others, such as the Lee C. Moore cantilever type, 
may be used with conventional spark-plug or steam drilling 
units. Usually they are used on deeper drilling where setup time 
is not such a high percentage of total location time. All are re- 
moved after completion of the well. 

Since the design of a drilling or servicing machine involves the 
machine as a whole, the general arrangement is usually the first 
consideration. The size of the machine is decided upon and a 
general-arrangement drawing made. Selection of hoist, pump, 
and derrick size should be matched to provide a balanced unit, 
as weight is at a premium and it is undesirable to team up a 
200,000-Ib derrick with a hoist designed to handle only 100,000-Ib 
loads. 

The controls should be placed at a convenient point where vi- 
sion is at its best. In many designs, controls are now air-actuated 
and are placed at the derrick front leg where the operator not 
only has perfect vision but can also assist in operations at the 
well head. There is a tendency toward simplification of control 
on the newer machines, and it is hoped that future controls will 
be even better. 

Lubrication should be kept simple with as few grease points as 
possible. All chains should have oil-bath, force-feed, or drip 
lubrication. All grease points should be easily accessible. 

If lighting is to be provided, it should be of the explosion-proof 
type with quick-type connections. The lights should be located 
to illuminate properly the derrick floor, tubing board, and crown, 
without glare. 

The derrick should be arranged to provide ample clearance 
around the well head. This ‘can be accomplished by tilting the 
derrick or by spreading the legs, although the latter usually 
causes complications with the road laws. There have been port- 
able derricks on the market which were only 8 ft wide to conform 
with the road laws and which did not tilt, but in these derricks, 
working room around the rotary table was virtually nil. A 
straight up-and-down derrick will usually work all right if the 
crown is set forward far enough with respect to the front legs and 
if the internal bracing is properly arranged. 

Portability is a feature also to be considered. A weight-and- 
balance estimate should be run to determine the center of gravity 
and the tire, axle, and frame loading. The ideal setup, especially 
for servicing, is to carry the complete machine in one integr! 
piece, ready to do the job when it arrives at the well. The type 
of foundations and guy-line anchors needed should also be con- 
sidered. 

In connection with the derrick, the requirements of A.P.1 
Standards No. 4 are usually followed. The derricks are designed 
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to stand in a 70-mph wind and the gross allowable load is calcu- 
lated by using the A.P.I. column formula and design conditions. 
Member loads are obtained by graphical analysis. Leg size and 
material are determined and if other than an A.P.I. or similar 
column formula is used, a safety factor is selected, as the A.P.I. 
column formula provides a factor of safety of approximately 2. 

The tubing board should be adjustable over a range of at least 
15 ft on a 90-ft combination drilling-and-servicing derrick to ac- 
commodate the various lengths of range-2 and range-1 tubing. 
The crown block should have a sufficient number of properly 
grooved sheaves to accommodate a catline, a sand line, and the 
pulling line, without unstringing any of them. The sheaves should 
have as large a diameter as is compatible with the design and 
should be flame-hardened manganese steel, mounted on antifric- 
tion bearings. Lubrication should be from the tubing platform 
to avoid the necessity of climbing the derrick. 

Alloy steels for the legs and other derrick members should be 
used to keep the weight down. Also, a satisfactory method of 
raising must be provided as well as a method of locking the two 
sections. A position must be selected for a dead-line anchorage, 
which will permit the operator to see the weight indicator. 

The number of guys, if any, must be decided upon. Some 90- 
ft derricks may not need guys from a structural standpoint, but it 
is not believed to be safe practice to eliminate guying of a 90-ft 
structure, resting on an 8-ft base, unless that structure is securely 
bolted down to the base. Naturally, the fewer guys the better 
as they consume handling time and are a nuisance to carry. 
However, properly designed guys, with a means of quick takeup 
and a proper anchor, form one of the most efficient methods of 
tiedown yet devised. 

In the design of the hoist, the drums should be selected with 
consideration of the rest of the design. The sandreel should carry 
as much line as the deepest hole the main drum and derrick will 
handle. Friction clutches should be used in the ends of the drums 
to absorb shock loads. Fully equalized brakes of ample capacity 
for the job must be provided. An analysis of the bending and 
bearing loads imposed on all shafting should be made. Small 
heavily loaded fast-running chains should have hardened 
sprockets, 

The rotary table and rotary-table drive also call for consider- 
able attention. Their size, too, must be considered with the rest 
of the machine. The location of the automatic and regular cat- 


heads with relation to the derrick legs and the rotary table is im- 
portant. Speed and capacity of the rotary table must be con- 
sidered in laying out its design and installation. 

The size and mounting of the pumps to be used must also be 
considered. Many times these are carried separately from the 
drilling unit on a special trailer of their own. The amount of 
horsepower required, pressure, strokes and gallons per minute, size 
of hole to be cut, all enter into the design of the portable pump 
unit. 

There are two design requirements which add nothing at all to 
the equipment, yet which must be kept in mind while laying out 
the design; (a) the many and varied state road laws and (6) the 
state safety laws. Neither was devised to apply to such special 
types of equipment as portable well-drilling and servicing ma- 
chines, yet both must be considered. Some safety codes demand a 
crow’s nest of certain size be added, even though the derrick may 
be lowered to lubricate the sheaves (or the sheaves may be lub- 
ricated from a point on the tubing platform), or to string the 
crown, or to do any repair work on the crown. This crow’s nest 
adds weight which it is desirable to eliminate. Also, safety-code 
ladder requirements with offset platforms are very nearly im- 
possible to comply with in telescoping derrick design. 

As for highway requirements, it might be and is possible to de- 
sign a machine complying with the road laws of just one state. 
But to design a machine to comply with the road laws of all the 
oil-producing states is a practical impossibility. The greatest 
service the various state governments could perform for the de- 
signer of portable industrial equipment would be to adopt a uni- 
form set of highway regulations. Fortunately, most state high- 
way departments are very liberal with permits. 

Brief descriptions of the design of typical portable drilling and 
servicing equipment now in use will be presented in the following: 


Hopper-IpEco BLITzRIG 


The Hopper-Ideco Blitzrig, Fig. 1, is a semi-trailer-mounted 
portable telescoping derrick and hoist. It may be used as a com- 
bination drilling-and-servicing unit by the addition of a bolted- 
on type rotary drive and a conventional rotary table. The trailer 
is Hopper-designed and fabricated especially for the equipment. 
Leveling jacks are permanently attached to the trailer frame. 
Pumps and pump engines are carried separately on another semi- 
trailer. The semi-trailer is equipped with three axles, mounting 
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7.50 X 20 tires. The entire machine, without the rotary-drilling- 
equipment extras, conforms to California highway regulations 

of 8 ft maximum allowable width, 13 ft 6 in. maximum allow- 
able height, and 60 ft maximum allowable length; the gross weight 
is approximately 67,500 lb. 

The power-drive layout, Fig. 2, consists of a Waukesha WAK 
engine, mounted across the frame, and a drive chain runs from 
the engine power-takeoff shaft to the input shaft of the Hopper 
4-speed transmission. The output shaft of the transmission then 
drives both drums and the rotary-drive sprocket by means of a 
single (double-strand) drive chain, which goes around both drum- 
drive sprockets. There is no hoist countershaft going completely 
across the frame. The rotary table is of the conventional side- 
driven type and is driven by a drive chain from a sprocket on the 
end of the drum shaft. This chain drive is broken about halfway 
to the rotary table, a short distance behind the rear derrick leg by 
a bolted-in-type shaft-and-sprocket arrangement. 

The hoist is of the double-drum type with main drum and 
sand reel. Drumshafts are of the live-shaft type, mounted on 
roller bearings. The drums are driven through cone-type friction 
clutches of unique design. Catheads, both regular and automatic, 
are mounted by means of bolted-on flanges on the ends of the 
drumshafts. The dimensions and capacities of the main drum and 
sand reel are given in Tables 2 and 3. 


TABLE 2 MAIN-DRUM DIMENSIONS AND CAPACITIES OF 
HOPPER RIG 


Capacity main drum— 


ine 

Main drum Size, in size, in. Ft of line 
Brake flange diameter........ 41 9/16 12600 
Barrel diameter............... 16 5/5 10150 
Distance bet ween 423/; 3/5 7100 
Brake width. 97/s 1 4000 


TABLE 3 SAND REEL DIMENSIONS AND CAPACITIES OF HOP- 
PER RIG 


Capacity sand reel— 
ine 


Sand reel Size, in. size, in. Ft of line 
Brake flanges, diameter......... 35 9/16 11270 
Barrel 131/4 5/s 9250 
Distance between 48° /16 a/4 6450 
Brake width. 4450 
1 3550 


Power for the Hopper hoist is supplied by a Waukesha 6WAK 
engine, as previously mentioned. This engine has a 6'/,-in. bore 
and a 6'/,-in. stroke, giving it 1197 cuin. displacement. It may be 


gas, gasoline, or butane operated, and is rated at 210 hp at 1500 
rpm. 


ComTmo. Position 


Leos 


Power-Drive Layout oF HoppER COMBINATION DRILLING-AND-SERVICING UNIT 


Using the Hopper 4-speed transmission and the conventions! 
sprocket reduction, the range of line speeds and pulls on the main 
drum is given in Table 4 


TABLE 4 RANGE OF LINE SPEEDS AND PULLS 
Bare barrel 
Speed rpm line pull, Ib 

1 236 30200 

2 440 16300 

3 590 12100 

4 1000 7170 


Controls are located on the right-hand side of the hoist (wher 
facing the well) and include a starter button for the prime-mover 
and hoist-operating levers. 

The derrick is of the two-section telescoping type, having the 
following characteristics: 


1 Live-load capacity, 200,000 Ib with a factor of safety of 2 
(other capacities are available). 

2 Vertical distance, ground to center of crown sheaves, 91 ft 

3 Collapsed length in horizontal position, 51'/ ft. 

4 Over-all height over the highway, 13 ft 5 in. 

5 Electric-welded construction throughout. 

6 Derrick raised from horizontal to vertical position by two 
hydraulic jacks, through the power of a hydraulic pump driver 
by a 12'/:-hp gasoline engine. Two bumper springs are mounted 
horizontally on the end of the trailer chassis, projecting a sul- 
ficient distance to contact the bottom of the derrick, just befor: 
the hydraulic jacks push the top of the derrick past the vertical 
center. The force of the jacks is required to compress the bumpe: 
springs and push the derrick over the center to a tilted position 
At the proper tilt point, lock nuts are engaged which hold the 
bumper springs in the compressed position. These lock nuts are 
operated by remote control by a crank at the operator’s station. 
The upper section of the mast is raised by a cable and power 
winch. Safety latches at all four corners are designed to engage 
with stops at each girt in the lower section. A warning gong is 
tripped as the derrick nears its extended height. The two sec- 
tions are bolted together at the extended height of the derrick. 

7 Derrick leans */s in. per ft when in place, although this ma) 
vary to a minor extent with different locations. 

8 Ten guy lines are used. Two main back guys from the toy) 
are */,in. All others are '/, in., including four from the center, 
two from the pipe-racking platform, and two from the top. 

9 Legs are of 5-in. X 5-in. X */s-in. silicon-steel angles, «p- 
proximately equally loaded by the crown, fast line, and guy «'- 
rangement. It is assumed that the derrick was analyzed graph'- 
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hig. 3) PRANKS TELESCOPER TRAVELING IN 


cally, and that the A.P.I. Standards No. 4 was consulted for 
wind-loading and pipe set-back requirements, as well as for the 
silicon-steel-column formula. 

This formula is: 

Allowable unit stress with factor of approximately 2 over failure 
27,000 

12,000 r? 
where L = length of column (measured between girts 
r = radius of gyration for section used 

The derrick is divided into 17 bays (sections between girts) 
with a column length of 63 in. 

10 The crown block is welded integrally with the derrick and 
consists of four 24-in-OD steel sheaves grooved for 1-in. line. 

11 A folding tubing platform is provided, hinged to the derrick 
legs of the upper section. Capacity for racking 13,000 ft of 2'/.- 
in. tubing or its equivalent is provided, racked in 60-ft stands. 

12 Leveling screws are provided in each of the four derrick 
legs. 

When used as a drilling unit, a 7'/,-in-bore  12-in-stroke 
double-acting pump, driven by a 6WAK Waukesha engine and 
mounted upon a semi-trailer has been used with the performance 
given in Table 5 


TABLE 5) PUMP PERFORMANCE 


Strokes Pounds Calculated Calculated 

per min per sq in gal per min hydraulic hp Depth, ft 
53 400 420 100 736 
52 450 418 110 1037 
47 525 380 120 1598 
40 600 315 115 1813 


The weight of the pumping equipment mounted on « two-axle 
semi-trailer is 36,400 Ib, and has a width of 8 ft and a height of 
13 ft 5 in. 

Any conventional rotary table may be used. A typical hookup 
provides a maximum speed of 256 rpm and average rotating speeds 
of 175 to 210 rpm. 

According to one major oil company now drilling with identical 
equipment to that just described, such a unit is easily capable of 
drilling 3000 ft of 12'/,-in. hole, or of servicing 11,500-ft wells. 


FRANKS SELF-PROPELLED TELESCOPER 


The Franks self-propelled model 7000 “telescoper’’ combina- 
tion drilling-and-servicing unit, Figs. 2, 3, and 4, consists of a 
double-drum hoist, a tubular telescoping derrick and complete 
rotary equipment, all integrally mounted upon an all-wheel 


Position Wrra Lines anp BLoekKs STRUNG 


The sume motor used to drive the 
The chassis 


drive special 6 & 6 chassis. 
hoist is used to drive the machine over the road. 
(including eab, engine, radiator, and frame) is built by several of 
the leading truck companies to Franks’ specifications. This 
chassis is of the 3-axle, 6-wheel-drive type with 11.00 < 24 tires 
Since the equipment is manufactured for a world market, it does 
not conform to all the highway requirements of all the states. 
Over-all length of the complete machine is 57 ft, over-all height is 
13 ft 10 in. and over-all width is S ft. Total bare weight without 
the rotary equipment is 57,100 lb, with approximately 13,150 Ib 
on the front axle and 43,950 Ib on the two rear axles. Total 


hic. 4 TeLescoper Servicina 8000 to 10,000-Fr Weis in 
Mountain Country 
(9788 ft of 3-in. tubing is shown racked in the derrick.) 
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Fig. 5 Power-Drivge Layout or FRANKS COMBINATION DRILLING-AND-SERVICING UNIT 


weight, complete with all extras and with line and block is ap- 
proximately 68,000 lb. 

The power-drive layout, Fig. 5, consists of a Hercules HXE en- 
gine, mounted in a conventional position in the chassis, parallel to 
the frame rails and driving through a Fuller 4B86 transmission 
to a transfer case which diverts the power of the engine to the 
forward and two rear axles for tractive effort over the road. A 
drive straight through the transfer case provides a power-take- 
off arrangement for driving the hoist; a propeller-shaft drive is 
provided from the transfer case to a bevel-gear split-shaft gear- 
box, which allows the drive to be diverted at right angles or to 
drive straight through. The right-angle drive then drives the 
hoist countershaft by means of a chain-and-sprocket arrange- 
ment; the drums are driven from the hoist countershaft by 
sprockets and roller chain through single-plate two-faced fric- 
tion clutches mounted in the end of the drum, the drive, continu- 
ing straight back out of the split-shaft bevel-gear box, drives the 
rear-end rotary catshaft through another gearbox arrangement 
of the same type and continues on to drive a propeller-shaft- 
driven rotary table. 

The double-drum hoist consists of a main drum and a sandreel 
driven by friction clutches in the end of each drum. The main 
drum has a high-low friction-clutch drive arrangement, there 
being a high-sprocket-ratio friction-clutch drive on one side of the 
drum and a low-sprocket-ratio friction-clutch drive on the other. 
This increases the range of speeds and pulls considerably. The 
friction clutches are built into the end of each drum and are of the 


TABLE 6 MAIN-DRUM DIMENSIONS AND CAPACITIES OF 
FRANKS TELESCOPER 
Capacity main drum— 
ine 


Main drum Size, in. size, in. Ft of line 
15500 
Brake-flange diameter.............. 42 9/16 12500 
15 5/5 10170 
Distance between flanges.......... 42 3/4 7020 
1 3960 


TABLE7 SAND REEL DIMENSIONS AND CAPACITIES OF FRANKS 
TELESCOPER 
Capacity sandreel— 


size, 1D. 


Sand reel Size, in. Ft of line 
12120 
Brake-flange diameter.............. 37 /i 9560 
14 5/5 7760 
Distance between flanges.......... 42 3/4 5370 
1 3030 


single-plate two-friction face type. Control action is a light over- 
center arrangement. 

Drum sizes and capacities are given in Table 6, and those for 
the sand reel in Table 7. 

The Hercules HXE engine used to power the hoist and to 
drive the unit over the road has 935 cu in. displacement with a 
bore and stroke of 58/, in. X 6 in. It is a gas-gasoline engine 
rated at 198 hp at 2000 rpm or 187 hp at 1800 rpm, where it is 
usually governed for oil-field duty. It is equipped with a combi- 
nation carburetor, water-cooled manifold, front-end exhaust and 
flame arrester. 

Conventional line speeds and pulls of the heist with this engine 
are given in Table 8. The line pulls are calculated at 70 per cent 
engine efficiency. Maximum usable bare-barrel line pull with the 
Franks friction clutch is 35,000 lb. 


TABLE 8 LINE SPEEDS AND PULLS OF FRANKS 'FELESCOPER 


% | 2 3 4 Rev. 


Low| Speed | 134 | 228 | 423] 745| 113 
side “Pull | 32300 | 19000 |10250 | 5820 | 38300 


High} Speed | 208| 350 | 650|1140| 174 


side | Pull 20800 | 12340 6650 | 3800 24900 


Main Drum 


Speed | 191 | 325 | 605 1052 | 161 


4065 | 26894 


| 
Sand reel 
| 


Controls for the hoist are located at the derrick leg nearest the 
well and on the right-hand side. These controls actuate the vari- 
ous clutches by air through selector-valve assemblies and are 
extremely simple and easy to operate. The brake is manual and 
the throttle is hydraulic. A starter button and remote gear shift 
are also provided. 

The Franks rotary table is of the propeller-shaft-driven type 
with a rated static capacity of 212,000 lb. Being driven directly 
from the engine by a propeller shaft beneath the floor, it utilizes 
all the speed changes of the transmission. The maximum quill 
opening is 13!/,in. diam. Lubrication is oil-bath sealed into the 
ease. The slip-joint propeller shaft allows complete removal of 
the table simply by unscrewing the locking collar. 

A rear-end rotary catshaft is furnished, driven through a bevel- 
gear split-shaft gearbox. It is equipped with both automatic 
and regular catheads located immediately behind the derrick 


legs. 
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The derrick, which is integrally mounted, is of the two-piece 
telescoping type, having the following characteristics: 


1 Gross load capacity, 200,000 lb. When properly guyed 
with 4 guys, the minimum factor of safety is 3.34. Minimum 
factor of safety with no guys is 1.5. 

2 Vertical distance ground to crown beam (actual clearance), 
88 ft. 

3 Collapsed length in horizontal position is 57 ft. 

4 Over-all height over the highway is 13 ft 10 in. 

5 Electric-welded construction throughout. 

6 Derrick raised to vertical position by a power-driven screw 
mechanism, driven from the main-propeller-shaft drive, and lo- 
cated alongside the frame below the hoist and main bed. The 
raising device consists of two large-diameter raising screws of 
S.A.E.3140 steel, operated by two ball-bearing-mounted internally 
lubricated drive nuts, the mechanism being irreversible except 
under power. The least factor of safety in any part of the raising 
mechanism is 8. 

Extending the upper section is accomplished by a small ex- 
tending winch of 45,000 lb ultimate capacity, also driven from 
the main propeller shaft, using a °/s-in. wire line anchored in 
the derrick. The derrick is locked in either a high or low position 
by means of a screw-drive pawl-and-lug mechanism operable from 
the ground. Design of the pawl and lug is such that the load 
is transferred by direct bearing from the leg of the upper section 
to the leg of the lower section. 

An electrical signaling device warns the operator when the 
derrick has been extended to its full height and indicates when 
the pawls are locked. The derrick may be tilted over the center 
as much as 6 deg to allow its use on wells having various cellar 
sizes; the degree of tilt can be easily selected by use of a built-in 
spirit-level protractor. Throwing out the main friction clutch 
stops and locks the raising operation in any position of the der- 
rick. 

7 Four guy lines of */,-in. improved plow-steel 6 < 19 wire 
rope are used. The two back guys are carried straight back to 
within 10 ft of the nose of the machine. The two forward guys 
are set at an angle of approximately 120 deg to the center line of 
the two back guys, and about 15 to 25 ft from the center line of 
the well. Slack in each guy is quickly taken up by means of a 6- 
ton roller-chain-type Coffing hoist, located on the end of each. 
Erection and tiedown time with this arrangement can easily be 
held to '/; hr. 

8 Legs are S.A.E. X4130 chrome-moly cold-drawn seamless- 
steel tubing in the normalized condition, having a minimum yield 
point of 85,000 psi. Front leg size is 5 in. OD X °/x in. wall 
(maximum in lower section). Rear legs size is 4 in. OD X */,¢ in. 
wall. Wall thickness is reduced in front legs in upper section. 
Legs are unequally loaded. The derrick was analyzed graphically 
with loads being introduced for the guy lines, hook load, pipe 
setback, and a 70-mph wind upon the structure. Also, the der- 
rick was analyzed in both the guyed and unguyed conditions. 
Pipe-setback loads and wind loading conform to A.P.I. Stand- 
ards No. 4; but since the leg material used was of better quality 
than the A.P.I. column formulas allow for, a column formula was 
selected from the ANC-5, a government handbook on the strength 
of aircraft elements. This column formula is used for material 
having a 75,000-lb or better yield point and is as follows: 


L 
Allowable unit stress: 79,500 — 51.9 (*) 1.5 


where L = unbraced length of column between girts 
r = radius of gyration 
All joints are treated as pin joints. 
Interior bracing is of S.A.E. 1015 cold-drawn seamless-steel tub- 


ing in the finish-annealed condition. This material has a mini- 

mum yield point of 55,000 psi. The column formula used was 

supplied by the Bethlehem Steel Company and is as follows: 
Allowable unit stress with a factor of 1.8 over failure = 22.000 


2 
— 0.55 (4) for short columns and 
r 


— for long columns 
(L/r)? 


The transitional L/r is 118. 

Average column length for the legs is 72 in. Maximum column 
length for the legs is about 88 in. There are 14 bays in the der- 
rick. 

9 The crown block consists of four 25-in-OD flame-hardened 
manganese-steel sheaves, three grooved for 1-in. line and one for 
5/s-in. or %/;s-in. sandline, and one 21-in-OD sheave grooved for 
1'/;-in. catline. All sheaves are ball-bearing mounted in line on 
a common shaft. The entire crown is integrally welded to the 
derrick. 

10 A folding tubing platform is provided capable of racking 
11,000 ft of 2'/2-in. tubing or 5000 ft of 3'/--in. drill pipe. The 
tubing platform is hinged to a sliding track in the upper section 
of the derrick which allows easy adjustment of the tubing plat- 
form through a range of 15 ft, to compensate for the differences 
in a stand of 3 joints of range 1 and two joints of range 2. 

11 Leveling screws are provided in all four legs. Also, should 
it be desired to use the hoist equipment under a standard derrick, 
an arrangement is provided to leave the portable derrick standing 
by itself by the removal of two capscrews and two nuts. This 
feature is often used in areas where the oil company has both 
standard and portable derricks. 

When used as a drilling unit, a separate pump, mounted either 
on skid, truck, or trailer is employed. This pump is usually a 
7'/,-in. bore <‘14 in. stroke and is powered by a 220- to 250-hp 
engine. This pump is rated to deliver 577 gpm at 550 lb pressure 
with 7!/,-in. liners at 60 strokes per min. 


CONCLUSION 


In conclusion, it may be said that such equipment as has just 
been described has a definite place in the oil industry because of 
the following features: 


1 Eliminates individual permanent derrick cost, since the 
portable derrick and hoist equipment will service up to 100 wells 
and also can be used for shallow- and medium-depth drilling. 

2 Saves rig-up and tear-down time. Portable derricks are 
power-raised, and either rig-up time or tear-down time is re- 
duced to a matter of minutes. 

3 It is 100 per cent portable and is available in self-propelled 
or trailer mountings, permitting complete mobility of the derrick 
as part of the drilling or servicing unit. The derrick, crown block, 
draw works, and power plant are all unitized into a complete ma- 
chine. 

4 Carries lines and blocks strung. Lines and blocks may be 
carried strung at all times, including highway travel, thus reduc- 
ing rig-up time. 

5 Open-face tilted design permits greater block clearance with 
more room arourd the well head or rotary table. 

6 Portable derrick can be left standing full of tubing in the 
field while the hoist is used under a standard derrick or with 
other equipment. 

7 May be used as either a servicing machine for the deepest 
wells, or for rotary drilling by the use of the rotary-drilling at- 
tachment extras. 
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Theory of the Expanding of Boiler and 


Condenser Tube Joints Through Rolling 


By A. NADAI,' EAST PITTSBURGH, PA. 


Tubes in industrial water heaters, steam boilers, and 
condensers of turbines are fitted in the holes of adjoining 
drums or head plates by expanding the tube ends. These 
are slightly enlarged by means of small revolving rolls. In 
one large steam condenser many thousands of such tube 
joints have to be rolled, and in high-pressure boilers these 
joints must remain tight under several thousands of 
pounds pressure at high temperatures. The investigation 
reported in this paper, of the conditions under which tube 
joints are expanded and made pressure-tight, was under- 
taken at the suggestion of R. A. Bowman, manager of con- 
denser engineering, of the South Philadelphia Works of 
the Westinghouse Electric and Manufacturing Company, 
early in 1942. The pressure of the revolving rolls creates a 
radial plastic distribution of stress in the tube wall and 
around the hole in the adjoining heavy steel plate. After 
the tube end has been rolled, a system of residual stresses 
remains locked up near the joints which is essential for its 
pressure tightness. These plastic states of stress have been 
investigated for various types of the stress-strain charac- 
teristics of the tube metal and steel of the head plates. 
Simple rules are used for computing the stresses in a mod- 
erately thick-walled tube under external and internal 
pressure, either in the elastic or in the plastic state of 
stress. 


1 PROBLEM 


The tube ends are expanded to the required small amount by 
means of devices consisting usually of three hardened rolls with 
a slight taper which are mounted symmetrically around a long 
tapered pin. An example of a roller expander used for the rolling 
of condenser tubes is shown in Fig. 1. The device with the three 
rolls is inserted in the tube; the rolls are rotated by a motor while 
the tapered pin is slowly advanced. The radial enlargement of 
the tube ends depends upon the pressure for which the joint 


TUBE EXPANDER 


Fig. 1 


? Consulting Mechanical Engineer, Westinghouse Research Labora- 
tories, Mem. A.S.M.E. 

Contributed by the Research Committee and Power Division and 
presented at the Spring Meeting, Davenport, Iowa, Apri! 26-28. 
1943, of Toe AMERICAN SocteTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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has to be designed and has empirically been determined. Con 
denser tubes have to operate under less than 1 atm pressure dif- 
ference; tubes in feedwater heaters perhaps under 2000 psi or 
more at 400 to 500 F; and boiler tubes at several thousands of 
pounds pressure and much higher temperatures. 

The pressures must be determined in the contact surface of 
the tube and the steel plate in function of the small permanent 
increase of the inner or outer tube diameters. This is not a sim- 
ple problem, even if the stress-strain behavior of the tube and 
plate metals in the plastic state is known. The reasons are 
quite understandable. The distribution of the stresses in a rolled 
joint is not of a simple nature. Joints which must remain tight 
at an elevated temperature introduce further considerable dif- 
ficulties for a mechanical treatment, because the locked-up 
stresses must gradually change with time. The only hope for ob- 
taining some quantitative information on these stresses can be 
based on simplified assumptions. When attempting to describe 
the state of deformation in an expanded joint, three questions 
are raised, as follows: 

(a) The first to be considered refers to the plastic expansion 
process, during which the wall thickness of the tube is reduced 
and the diameter of the hole in the steel plate is permanently 
enlarged to a slight degree. The assumption is made that the 
flow in the tube and in the plate is radially symmetrical. In other 
words, it is assumed that all points at equal distances from the 
axis of the tube move uniformly in radial directions by the same 
amounts. In addition, small axial movements will also occur, 
which must be considered. Under these circumstances, the 
stresses will also be radially symmetrical and the pressures at any 
instant constant on the inner and outer surfaces of the tube. It 
should be noted that the deformation during the actual rolling of 
a tube is not produced in this continuous manner, but through 
three concentrated forces in a succession of infinitesimal steps 
under the localized pressures of the three rolls. 

After the tube and plate have been plastically deformed, we 
shall assume that the external pressure which acted along the 
inner surface of the tube is gradually removed. In the after- 
wake, a radial distribution of residual stresses remains around 
the tube, which will be determined. 

(b) The second question refers to the behavior of tube joints 
at elevated temperatures. If the joint is exposed continuously 
to heat, which is the case in boilers and water heaters, the system 
of residual stresses, remaining after the cold expansion, must 
undergo further changes due to creep. From long-time experi- 
ments, it is known that creep rates increase much faster than the 
stresses. As a consequence of these laws of creep deformation, 
we must expect that the high values of the residual ‘stresses, re- 
maining after the cold-rolling, will be reduced, and the peak 
stresses leveled off with time. The contact pressure required 
for the maintenance of a tight joint must be reduced. This is a 
special case of the relaxation of a system of radial stresses under 
prolonged heating, which deserves to be investigated separately. 

(c) In a tube joint, which has been expanded through rolling, 
an additional system of stress is present. Although it may not 
affect the tightness of the joint greatly, it can become detrimen- 
tal. During rolling, the portion of the tube which was inserted 
in the head plate is supported. Since this has a limited length 
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within which the tube diameter has been enlarged, such a defor- 
mation of the tube wall must be accompanied by a concentration 
of high axial and peripheral bending stresses near the end of the 
expanded zone. These bending stresses almost certainly reach 
the plastic limit and constitute an undesirable addition to the 
stresses, the presence of which may facilitate corrosion attacks. 
If the operating temperatures are sufficiently high, creep may re- 
duce the peaks of these superposed bending stresses; at lower 
temperatures they may be detrimental. 

The observations furthermore show that the compressed por- 
tion of the tube becomes longer in the axial direction. This mo- 
tion is resisted by friction forces in the contact surface, which 
produce an additional disturbance in the distribution of the 
stresses. 

When the essential parts of the following computations were 
submitted in a report dated February 11, 1942, only case (a) 
had been considered.? Treatment of the time-dependent case 
(b), of relaxation of the contact pressures, and of case (c) is con- 
templated in a subsequent investigation. 

For an investigation of this kind, it is necessary to know the 
mechanical behavior of the tube metal and of the steel plates, or 
their stress-strain relations. The head plates in condensers are 
made of ordinary low-carbon steel, for which a stress-strain curve 
in the range of strains which are here of interest can be as- 
sumed, consisting of an inclined straight line in the elastic and of a 
horizontal straight line in the plastic range of the strains. If 
other or alloy steels are used, other stress-strain relations should 
be considered. The stress-strain characteristics of the 70 per 
cent copper and 30 per cent nickel alloy (Admiralty metal), 
which is used in condensers, were not known to the writer at the 
time when the report was written. To facilitate the subsequent 
computations, two extreme cases were considered for the me- 
chanical behavior of the materials, namely, (a) both the tube 
metal and the steel have well-defined yield stresses which are 
oo and o»’ for pure tension, respectively, assuming that oo < ao’. 
Stress-strain curves have the shapes shown in Fig. 2. (b) The 
steel plate has the same stress-strain curve as shown in Fig. 2, 
but that for the tube metal consists of a curve which becomes 
tangent to the straight line expressing the elastic behavior at 
small stresses, Fig. 3. A suitable expression would perhaps be 
for softer metals 


where ¢ designates the strain, o the stress, and a, 8, n are material 
constants. The first term represents the elastic strain, assuming 
that the constant a = 1/EH, where £ is the modulus of elasticity 
of the tube metal. The second term in Equation [1] is the plastic 
strain. The functional relation « = f(c), according to Equation 
{1], is valid as long as the load or stress increases. After loading 
is interrupted and during unloading, in most cases, a straight- 
line relation 


— a) 
E 
can be used, where e*, o* are the values of the strain and stress 


from which unloading started, Fig. 2. With these expressions, 
it is assumed that the contact pressures depend only upon the 


* 
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2 The author was at that time not aware that related work was 
under consideration and in progress under the auspices of the Re- 
search Committee and the Power Division of the Society. At the 
1942 Annual Meeting, three papers were presented on the subject of 
tube expansion: namely, E. D. Grimison and G. H. Lee, ‘‘Experi- 
mental Investigation of Tube Expanding;’’ C. A. Maxwell, ‘‘Practi- 
eal Aspects of Making Expanded Joints;’’ and J. N. Goodier and 
G. J. Schoessow, ‘“‘The Holding Power and Hydraulic Tightness of 
Expanded Tube Joints, Analysis of the Stress and Deformation.” 
The third paper in this series deals with the same subject as this 
present investigation. [These three papers are published in the 
Transactions of the A.S.M.E., vol. 65, 1943, pp. 489-522.] 
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Figs. 2, 3, 4, 5 


elasticity, and the stress-strain curves of the tube and plate ma- 
terials, but not upon the time during which stress acts, or upon 
the rate of flow. 

We shall assume that, initially, the tube fits without clearance 
in the hole. Under a hydrostatic external pressure which is ap- 
plied on the inner surface of the tube, this latter and the steel 
plate will be stressed in the radial and tangential directions. 
They will expand first elastically, if the tube metal has a stress- 
strain curve similar to the one shown in Fig. 2. However, if the 
stress-strain curve has the shape shown in Fig. 3, permanent 
strains soon start to develop in the tube walls. Experience shows 
and the theory of plastic deformation predicts that, during ex- 
panding of a tube by a roller expander, the portion of the tube 
which is radially deformed increases its length by a small amount. 
This axial lengthening is resisted by the friction of the steel plate. 
Neglecting this friction, we can assume that during expansion 
the axial normal stress (c,) vanishes both in the tube wall and in 
the steel plate. Therefore a, = 0. 

As mentioned, two phases of the expansion process must be 
considered: (1) The plastic expansion during which all radii 
increase with the increasing external pressure which is applied 
to the inner surface of the tube. The plastic zone in the steel 
plate grows during this phase of the process. (2) An elastic con- 
traction of the tube and plate when the external pressure is re- 
duced to zero, in consequence of which a residual pressure ap- 
pears in the contact surface. 
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We shall designate the quantities which refer to the steel plate 
with a dash and those referring to the tube without a dash. The 
subscript ‘“‘one’’ shall refer to the inner and the subscript “two” 
to the outer surface of the tube. The subscript zero refers to the 
yield stress (oo for the tube and oo’ for the steel plate) in pure ten- 
sion. 

The following designations will be used: 


r = radial distance of a point P from axis 
u = radial displacement at point P 
radial, tangential, and axial strain, respectively 


= 
o,, %, 0, = radial, tangential, and axial stress, respectively 

r; = inner radius of tube 
rT. = outer radius of tube 
h = wall thickness of tube 
Pi = pressure on inside of tube 
P2 = pressure on outside of tube 
vy = Poisson’s ratio of material 

E, E’ = moduli of elasticity of materials 

G,G’ = moduli of rigidity of materials 
y= ri /h, vy = = abbreviations 


2 SPREADING oF Piastic DistoRTION IN STEEL PLATE UNDER 
RADIAL PRESSURE 


Assuming a flat infinite steel plate having a circular hole of 
radius rz, our first task consists in determining the function which 
expresses how the pressure p, exerted at the hole increases with 
the radial displacement uw, at the bore, while plastic flow spreads 
in the plate. Small pressures p, deform the plate elastically. 
Assuming a steel having a well-defined yield point, at a certain 
value of the pressure pz, yielding will start along the circle r = re. 
If the pressure p: increases further, the steel plate will yield in a 
zone r; < r < ¢ but will remain partially stressed elastically be- 
yond it (r > c). 

As long as the strains are purely elastic, the following distri- 
bution of the stresses exists in the plate: 


Radial stress = 
Tangential stress = Jo 
Tangential strain = — v’e,')/E’ = 
(1 + v’)pere?/E’r?.. [3] 
The radial displacement is 


At the bore r = r; this displacement amounts to 
u’ = (1 + pore/E’ [5] 


After yielding has started in the plate, the shearing stress in the 
plastic zone < r<c 


— a2)? + (a2 — 3)? + (03 — o1)?..... [6] 


remains constant and equal to 2-00'/3. In Equation [6], o: 
o2, 73 designate the principal stresses. 

Assuming for o1 = o', 02 = o,', 63 = o,’ = 0, this equation 
simplifies to the following condition of flow or of plasticity: 


o,'* — + = oo’? = const........... [7] 


where oo’ is the yield stress for pure tension. In addition to 
Equation [7] in the plastic zone, we must satisfy the equilibrium 
condition 


The solutions of these two equations have been expressed 
previously by the author in the parametric form 


o, 
e 
cos 6 


Equation [7] represents “the ellipse of plasticity,” Fig. 5. It 
contains the following six points’ ¢," = + oo’; = 0; o,’ =o,’ 
= +69'; 0,’ = 03 = + an’. 

It is of importance for the following application to note now 
that all the plastic states in an “infinite’’ plate which can be 
practically generated by a radial pressure p: are found in the 
branch BCG of this ellipse. 

Point B, having the co-ordinates = = = oo’ 
/ V3 = 0.577 oo’, evidently represents the plastic state at the 
bore just when yielding starts in the plate, since according to 
Equation [2] at this instant —o,’ = o,', the values of which 
after being substituted in Equation [7] must equal oo’/ V3 
Point B of the ellipse of plasticity, Fig. 5, represents first yielding 
in the plate, and furthermore we must have r, = c in Equation 
[9a] or@ = 0. Let us designate by @, the value of the parameter 
6 when r = rz. We note that when rz = c, 6. = 0. The radius c 
to which the plastic zone penetrates is found from Equation 
(9a }. 


— 


When plotted in function of 62, c* is represented by a portion of 
the well-known curve of damped oscillations. The corresponding 
pressure p; for which the plastic zone extends to the radius c is 
given by 


, 


= = — > ain [ — — {11] 
V3 


The following table illustrates corresponding values of 6, and p.: 


V3p2 
63 200’ Interval for @ 
0 0.5000 0 
15° 0.7071 —15°<6@<6 
—30° 0.8660 —30°<6<0 
45° 0.9659 —45°<8<0 
— 60° 1.000 


Equation [9a] may be rewritten after using Equation [10] also 
as 


— 
ce e cos 


1 e ‘OS 


A few curves showing the distributions of the radial and the 
tangential stresses o,’, o,’ in the steel plate, corresponding to the 
values of 62, given in the preceding table were plotted in Fig. 6. 
They show how these stresses vary with the radius after partial 
yielding when the steel plate is expanded under an increasing 
pressure 

From the curves and by looking to the ellipse of plasticity, 
Fig. 5, we must conclude that the pressure p:; soon must reach 
the maximum value 


: o,’ = —= sin | 6 + - 
6 
| 
; c? = rte 
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This is a consequence of our assumption that the material of the 
steel plate has a definite yield point. Of further interest is that, 
when the radial pressure approaches the value given by Equa- 
tion [13], the plastic zone does not increase more appreciably. 
The radius c of the plastic zone, corresponding to pomax can be 


computed from Equation [10] by taking 6. = —2/3. This gives 
a radius c = 1.75re. Not much is gained in carrying the 
expansion of the steel plate beyond this point. 

We must now establish the required function p, = f(uz), ex- 


pressing the dependence of the pressure p: on the radial dis- 
placement uw: We can simplify considerably the further treat- 
ment by assuming that the straight line EBF in Fig. 5, which is 
the tangent to the ellipse of plasticity in point B, represents the 
plastic states instead of the branch BCG of this curve. Instead 
of using Equation [7] as the condition of plasticity, we assume 
that the steel yields when the stresses o,’ and a,’ satisfy a linear 
equation 


[14] 


which is the equation of the tangent to the ellipse at point B. 
After combining Equation [14] with Equation [8], the following 
approximate expressions for the stresses o, and o, are easily veri- 
fied 


~ 

+ 

t 


We note that an approximate expression for the pressure p re- 
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quired to make the steel plate vield within a circle of the radius ¢ 
is given now by 


16] 
V3 


After making use of the formulas, Equations [2], [3], and [6], 
we see also that in the elastic zone 


V3 } Forc <r... [17] 
u = (1 + 


, 
= 


At the boundary of the plastic region r = c, we shall designate 
the radial displacement by u, which is therefore given by 


u, = (1 + [18] 


Let u,* be the value of u,whenc = 7, i.e. just when yielding 
in the steel plate starts. Then 


u,* = (1 + BE’... {19} 
and 
c 
re 


Equation [19] expressing u,* will be used in the following 
computations. Finally, we need an expression of the radial dis- 
placements u within the plastic zone rz < r < ¢. 

For the plastic strains we must have 
(condition of volume constancy) 


+e’ +e,’ =0...... (21 


du’ 

= — 

dr 2 

relations 


—k(e,’ + o,')/2 


| 
| 
| 


From these relations and Equations [15], we obtain for the ratio 
of the strains e,’ and ¢,’ 


After combining Equations [23] with [22], we obtain the dif- 
ferential equation for the radial displacement u’ in the plastic 
zone 


3 r 
du’ 2 ec 
(24) 
dr 3 

log 


This equation can be integrated and is satisfied by 


ur 
u’ = - (25 | 
2 3 r\3 
c{ + log- 
2 c 


P 20.577 1.000 1.155 
0.75 
[=1.47  =1.66 =1.75 

| le 
4 
=~ 
i 
| 

Den! 5 + log 

V3 

, r 4 
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which function is valid for r, << r<c. When r = ¢, we obtain 
u = u, as we should expect and for r = r; at the bore 


3\3 
“Se + log 
2 c 


or remembering Equation [20] 


[26] 


u,* 


3 


In the denominator, we will now substitute the pressure p. taken 
from Equation [16], which gives 


.. (28] 


and after solving this for the pressure ps» this is found to be equal 


, *\ 1/3 
E —3 |. [29] 
V3 us 


to 


Summing up the preceding, we see that the pressure in func- 
tion of the radial displacements 1. at the bore r: is expressed by 
the following: 

In the elastic region 


for < u,* 


In the plastic region 


*«\ 1/3 
= wk 3 ) | for u,*.... [31] 
2 


where u,* is the radial enlargement of the hole in the steel plate 
just when the yield point »’ is first reached in the plate and is 
given by 


u,* = (1 + v')oo'rs/V 3E" [32] 


This function is shown in Fig. 7, indicating that the pressure in- 
creases first linearly with wu, and after the yield point in the steel 
plate has been reached (at the pressure p2 = 0’/+/3), according 
to a curve which very slowly approaches a horizontal asymptote 
at a pressure which is 4 times the pressure at which yielding 
started. 

We know from Equation [13] that the maximum pressure was 
Pomax = 200'//3 = 1.15500’. This latter then defines the hori- 
zontal asymptote of the curve pz = f(u2), or the horizontal 
asymptote which the pressure line, in Fig. 7, should really ap- 
proach. It should have the height + = 2 in the scale used in Fig. 
7. That our approximation works pretty well, in so far as the 
curve in Fig. 7 has been traced, has been proved by comparing 
it with some values which have been computed through addi- 
tional methods which cannot be reproduced here in detail.* 
Values of p, beyond those shown in Fig. 7 should, however, not 
be computed by using the approximate form given by Equation 
(31). 

We can summarize the preceding developments very briefly 
as follows: If we introduce instead of the radial displacements 


3 The writer is indebted to Mr. R. K. Carlson who recently carried 
out this computation at his request. : 


| —— -— —- 
T= /O,'= 2 
w 
3 
a 
2 3 
RADIAL DISPLACEMENT OF STEELPLATE ——= 
hic. 7 Pressure pe IN Function oF Rapiat Dispiace- 


MENT U2 OF STEEL PLATE 


u, at the bore r = rz of the steel plate and instead of the pressure 
two new variables w and x defined by 


Us V 3p: 


e 70 


. (33) 


we can rewrite the pressure function * = F(w), given by Equa- 
tions [30] and [31], in the simple form 


when0 <w< 1 (elastic range) ...... | 
and when 1 < w (plastic range) ..... w= 4— Bw !/3 °° 


This pressure-expansion curve can be used for steel plates 
having a definite or fairly well-defined yield point oo’ in pure 
tension. The second Equation [34] should not be used for 
values of the variable w which are much larger than perhaps w = 
3, and it is not recommended to go much beyond this expansion 
ratio u:/u,* = 3 for the reasons already stated; u,* is the elastic 
expansion of the plate given by Equation [32]. 


3 Expansion or Tuse Joint ASSUMING A DerInire YIELD 
Point AND A Curve ACCORDING TO FiG. 2 FOR 
Tuse MATERIAL 


After having considered the deformation of the steel plate, we 
will now treat the plastic yielding of the tube material. The ends 
of the tubes are strained under the simultaneous action of an in- 
ternal pressure p; and of an external pressure pz. As long as the 
tube is stressed elastically, the following well-known distribution 
of stresses acts in the tube wall: 


2 2 
r? r2 
Radial stress o, = — PD 
rat 
r? 
{35} 
1+— 
r? 
Tangential stress o, = ~i — pr 
1 1 r,? 
ry? re? 


If we designate the ratio r:/rz by 


we obtain from Equation [35| 


i 

4 a 

3 300’ 

, 

us 

V3 
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or = —p If, for example, the ratio of inner to outer radius k = r;/r; 
for r=T..ee (1 + k*)p: — 2p, } ... [37] = 4/5 = 0.8 from the exact expressions Equations [40] and 
[41] we find 
r 
o, | u = (4.86p, — 5.56p2) 
for — (1 + }..... [38] 
Te 
Ug = (3.56p: — 4.26ps) E | 


and the elastic radial expansion u is given by 


(o,—vo,)r 
u=er= [39] 
For r = rm; we obtain 
2 — k? — 
(1 + + — k*) — (40) 
(1— 
and for r = re 


(1 — k)E 


It is useful in many practical applications which can be made 
of these formulas for the thick-walled tube to develop the func- 
tions appearing in Equation [35] in powers of a new variable zr 
defined by 


where r,, = (ri: + 72):2 is the mean radius of the tube. If the 
thickness of the tube wall h is not too large, compared to the 
mean radius r,,, it is sufficient when the expressions are developed 
to retain only the first power of z. Equations [35, 40, 41] when 
expressed in terms of the new variable z become linear func- 
tions of z. From Equation [35], we obtain 


Taking z = 0, we note that the mean tangential stress in a tube 
with a finite wall thickness h is 


[43a] 
If we introduce the abbreviations 
v2 h 
noting that »; — = 1............... {44] 
1m is given by the expression 


This latter expression is valid in a tube in which the strains may 
either be elastic or also plastic and is exact with inclusion of 
linear terms of z. 

‘Now, making use of Equation [39], we find that the corre- 
sponding approximate expressions for the radial displacements 
are 


forr uw = [(1 + 2v + — (1 + | 
. [46] 


forr [(2v. — 1)p: — (2v2 — 1 — 2v) po] 


while from the approximate expressions Equation [46], we com- 
pute 


= (4.80p; — 5.50p,) 
Te | 


ue = (3.50p, — 4.20p2) E 


showing that these “linearized” expressions, Equations [42] [45], 
and [46], can serve very well instead of the exact terms. By tak- 
ing the expression of u, given by Equations [46] and equating it to 
the elastic radial expansion of the steel plate, Equation [5], we ob- 
tain 

1 + | 
[2n — — — 1 — 

1— 2» + qd + Ps 


1) 


For the same example (k = 1/rz = 0.8) we find p, = = Ps 


or 


50 
48 
for the elastic range of the strains in the tube below the yield 
point. 

When the inner pressure p; increases, the yield stress will first 
be reached in the tube wall. In the following computation it is 
assumed (1) that the material of the tube has for pure tension 
a definite yield point at a stress oo and (2) that the steel plate is 
only stretched elastically. It is required to find the function 
pi: = f(u:), connecting the pressure p; (under which the tube is 
rolled) with the permanent increase of the inner radius u;. Also, 
the residual pressure p: is required between the tube and the 
steel plate after the pressure p,; has been reduced to zero. 

We can again make use of the plasticity condition Equation 
[7] or 


where go is the yield stress of the tube material for pure tension. 

We shall make use of this flow condition along a cylinder 
whose radius is equal to the mean radius r,, = (m1 + r2)/2 of the 
tube. We note from Equation [45] that for z = 0 in the plastic 
state of stress, we must have 


_ 
r 2 ’ 


After substituting these values in Equation [51] we obtain 


2 
(pivi — + — pwr) + + = 


q 
4 
+ 
4 


| 

= a 

+2) 

= - (rs — 2) | 
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v2 2 4 Pe Pipa 1 2 4 


The bracketed expressions are constants. If we plot p; and p. 
as rectangular co-ordinates, this is the equation of an ellipse. 
This ellipse has been represented in Fig. 8, assuming the same 
numerical values which were used previously; namely, for r 
0.4in., re = 0.5in., hk = 0.1 in. or for», = r1/h = 4, v2 = r2/h = 
Its equation is 


22.75p2? — 40pip2 + 18.25pi? = a0? (55 ] 
In Fig. 8 has also been plotted a straight line ORP whose 
equation was given by Equation [50]. If the inner pressure p; 


(EXTERNAL PRESSURE) 


QNTERNAL PRESSURE) P, /0,=Z 


Fic. 8 INTERNAL AND EXTERNAL PRESSURES pi; AND Pz: FOR THE 
EXPANSION OF A TuBE HavING A STRESS-STRAIN CuRVE WITH A 
DEFINITE YIELD Point’ 


is increased the tube is first elastically stretched and the outer 
pressure pz of the tube increases along this inclined straight line. 
In point R, the yield point of the tube material is reached. If 
the inner pressure p, changes further, the corresponding outer 
pressure p2 is given by the ordinate of a point situated along the 
ellipse. The co-ordinates of the upper apex of the ellipse can 
easily be computed from Equation [55]. They were found equal 
to pi = 1.22000, pz = 1.091loo. The ellipse crosses the p; axis 
in point A at p,; = 0.23400 and the p2 axis in point E at p, = 
0.20909. It passes also through the point D having the co-ordi- 
nates = p2 = oo. 

If we wish to investigate the flow within the tube, we need to 
consider, in addition to the plasticity condition Equation [54], 
also the following relations; the strains being all plastic strains 


d 
dr r 
therefore 
du u 
— — —e, = const [56c] 
dr r 
or 
c [56d] 
u= 5 
this gives for 
¢ «4 
2 
and for 


or 


From the stress-strain relations in the plastic state 


ll 
wld 


ll 
| 
wild 


€; 


Il 
» 
bo | + 


or after using the expressions for ¢, and o, given by Equation 


[52] also 


(+ 4y;)p: + (1 — 4v2)p2 


Here we introduce the value of ¢, taken from Equation [56g] or 


[569] 


— 


r;? 
and for e, we can also write 
[561] 
lm m+n 
This gives finally for the left side of Equation [567] 
[56m } 


By equating Equations [56m] with [567], an equation is obtained 
containing the unknowns and p;, Two more relations 
for the same quantities have already been determined, namely, 
Equation [54] and Equation [5] or 


_ (+ »')pars 


Therefore by means of these three equations, a relation u, = 
f(p:) has been established, since from three equations two quan- 
tities can always be eliminated. 

Instead of using Equation [54], we will now simplify the com- 
putation considerably by a further step. We shall replace the 
plasticity ellipse, Fig. 8, Equation [54], by its tangent in a 
point B. Fig. 8 shows that the ellipse is quite flat. Since we 
need only a small portion of it near the points R or B, we can re- 
place it by one of its tangents. We choose for the point of 
tangency, a point B in which the mean tangential stress z,,, 
in the tube vanishes. The co-ordinates of B are designated by 
pi*, po*. They must satisfy the condition 


Combining this with Equation [54], we obtain for p:*, p.* the 
expressions 


2200 
and for the tangent of the ellipse in point B the equation 


or 
| 
| 
<0; 
Vy 
| 
RB’ 
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Instead of the plasticity condition as originally expressed by 
Equation [54], we can now make use of Equation [60] in which 
Pi, Pe are the running co-ordinates of this straight line which has 
been represented in Fig. 8 by the line QBS. Point B is the point 
of tangency and point Q is the intersection of the tangent with 
the extension of the straight line OR. Using again for an ex- 
ample the values »; = 4, »» = 5, we have for the plasticity condi- 
tion Equation [60] 


—4p, + 5p; — 200 = 0..... 


and the co-ordinates of point Q are equal to p; = 0.94700, ps = 
0.68309. The point FR is situated on the straight line (represent- 
ing the elastic states) and on the ellipse (representing the plastic 
states of stress). In point R, the tube starts to yield completely. 
The co-ordinates of R were found to be equal to py = 0.9060». 
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if w is eliminated from them. In our example, inner radius of 
tube r; = 0.4 in., outer radius r. = 0.5 in., wall thickness h = 
0.1 in., 1 = 4,» = 5,»’ = 0.3, EF’ = 3 X 107 psi (steel), E = 
1.5 X 107 psi (tube material), oo’ = 30,000 psi (steel) oo = 15,000 
psi (tube material), this reduces to finding points along the hy- 
perbola 


y + 1.2502 — 0.500 13.5002 + 19 
4y — 6.2502 + 2.500 6.7502 — 5.50 


or 


75.922 — 142.lz + 44.8 
60.82 — 81.5 


Table 1 gives a few points along this hyperbola. 


TABLE 1 RADIAL EXPANSIONS w AND RADIAL PRESSURES jm, p2 OF A TUBE 


Inner radical expan 


y= Bw luner pressure, psi, Outer pressure, psi, sion of tube, in 
oo (1 + v’)reox pe uw 
Elastic 0 0 0 0 0 
range 0.947 0.965 14200 10400 0.000315 
0.947 0.91° 14200 10400 0. 000296" 
1 1.03 15000 11200 0.000334 
1.10 1.33 16500 13100 0.000432 
1.20 1.90 18000 15000 0 000628 
Plastic 
range 1.25 2.58 18750 16500 0 000838 
1.30 4.60 19500 16900 0.001500 
1.34 (20100) (17600 
2 Note that the two values of y for : = 0.947 are different. y = 0.965 was computed from the theory of clas- 
ticity and the other value y = 0.91 using our plastic-flow condition. Evidently ¢:/ez jumps at the yield point, due 
to our assumptions, and this explains the smaller value u = 0.000296 in the last column of the table, compared 


to wm = 0.000315 at mp. = 14,200 psi. 


pP2 = 0.65400, showing that the point @ whose co-ordinates have 
just been computed is in the proximity of R. 

Summing up the preceding, we find the following results: The 
pressure p, for expanding the tubes creates a pressure p. between 
the tube wall and the steel plate. Until the yield point is 
reached, the pressure p: can be computed from Equation [49]. 
For »; = 4, v. = 5 in the elastic range 


When p; = 0.90609 and p, = 0.65400 the yield point in the tube is 
reached (ao yield stress for tension in tube material). 

When the tube is further expanded beyond the plastic limit, 
we must simultaneously satisfy the three equations 


+ U2 “a + (1 — 4v2)pe 163) 
l 
(65 j 


establishing a functional relation between the inner expanding 
pressure p; and the outer radial expansion uz of the tube. 
To solve these three equations we write for 


(1 + v’)oor: 
= 


(66 
and find 
y+ w (1 + 4n)z + (1 — 
— (1— + (1 + 


These two equations represent a common hyperbola y = f(z), 


The increase of the inner pressures p, with the radial expan- 
sions u, is shown in Fig. 9. Very soon after the yield point in. 
the tube has been reached, the inner diameter of the tube ex- 
pands by several mills without much further increase of the pres- 
sures pi. 

However, it should be noted that during this expansion the 
outer diameter of the tube will not change much. The volume of 
material displaced in the radial direction appears in the increased 
length of the tube. The conditions during this flow approacl: 
those of a state of pure radial compression, since both the pe- 
ripheral and the axial stresses in the tube remain practically at 
zero. Strain hardening of the tube material, which has not been 
considered, naturally would upset our conclusions. In the fol- 
lowing section this case has been considered in detail. 


4 Expansion or Tuse Jornt ASSUMING 4 GRADUAL INCREAS! 
or Yretp Srresses PERMANENT S?rRAINS IN TUBE Ma- 
TERIAL 

Since the stress-strain behavior of the tube material was not 
known, it is impossible to make a statement concerning the ac- 
tual values of the pressures which remain in a tube joint after « 


| 
| 


0.001 0002 IN. 
RADIAL EXPANSION 


Fic. 9 Expansion Curve For TuBE 
(The metal has a definite yield point oo = 15,000 psi.) 


= 
| 
2 
$000! 


NADAL--THEORY OF THE EXPANDING OF BOILER AND CONDENSER TUBE JOINTS 873 


permanent expansion of the tube. A general method for obtain- 
ing these residual stresses is developed in this section. 

Suppose that the steel has a definite yield point. The function 
connecting the radial pressure p, in the hole r = rz with the radial 
expansion u: has been obtained in Section 2. We found, aceord- 
ing to Equations [30] and [31] in the elastic range 


oo 2 
po = = (2 < (71! 
V3 “," 
in the plastic range 
*\'/3 
V3) uw) 
where 


isa constant. After introducing the variables ws and m2 defined by 


V 3p, 
we = \74] 
u,* 
we can rewrite these equations again as follows 
Elastie 0 < we < 1, me = wr | 
\75] 
Plastic 1 < we, ws = 4— Swe of 


When the metal of the tubes is deformed in a tension test in 
the plastic range, in general, o = f(e) or « = g(c) expresses its 
behavior during strain hardening. In a three-dimensional radial 
symmetrical distribution of stress (¢,, o,, ¢,) the “intensity”? of 
stress can be measured by the octahedral shearing stress 


1 
Tut = 3 Vv a,)? + (o, o,)? + (a, o,)?.... [76] 


and the plastic distortion «, «, « by the octahedral shearing 
strain, defined by 


2 
= 3 (e, 


« 


e,)? + (e, €,)? + (e, — «)? . [77] 


and the property of a metal to strain-harden under comparatively 
not too large strains (of an order of magnitude of a few per cent) 
can be expressed by assuming that 


Yor = F(toct) |78 | 


is a known function which ean be given either by a graph or by 
an analytical expression. 

We have already stated that, in the case of the expansion of « 
tube by rolling, we can neglect the axial stress ¢, so that «, = 0 


in Equation [76]. Since in the plastic state also «, + «, + «, = 0 
we obtain the Equations [76] and [77] in the simpler form 
tot = — o, o, + 0,4)........... [79] 
2 
Yet = V 6(e? +6 + €,) | 
or {80 | 
3 V + €, + 


In the first of these two expressions, we can now substitute for 
the stress components o, and o, in the tube 


o, = — o, = + p2)/2 


so that 


2 v2 


Similarly, we can introduce in Equation [80] the expressions 
which have already been derived (Equations [56k] and [561}) 
for e, and e,, namely 


= ! 
2r r 


m m 


so that 


V2 


1 


We note that in these two expressions for roc and Yoct, Equations 
{82} and [84], the same factors appear under the square-root 
sign at corresponding places. 

If we now use four dimensionless variables 


uy Ue Vv 3p 3P2 
n= —, n= : {85 | 


, 


(the quantity u,* 


ratios 


was given by Equation [19]), and define the 


re +, re =.... [86] 
Wwe Te 


we can rewrite Equations [82] and [84] as follows: 
3 Tot 
2 oo 


| V2 1 1 


= we + + +2 + . [88] 


The special strain-hardening law, which we will consider is 


... [89] 


Copper and alloys containing copper as their major constitu- 
ent, in a tension test, usually have a stress-strain curve which de- 
parts quite gradually from an inclined straight line representing 
the elastic behavior of the metal. Equation [89] expresses such 
a behavior for small strains. The constant a in Equation [89} 
is equal to 1/G where G is the modulus of rigidity of the tube 
material, and ¢ and the exponent n are further material con- 
stants. The first term aroct in Equation (89] expresses the elas- 
tic strain, and the second term on the right side of Equation [89], 
the plastic strain. For the case of pure tension (stress o and 
strain we have = 2-0/3 and Yor = The constant 
c in Equation [89] can, therefore, be computed from a tension 
test 


id 
V2 
Tot = 
; 3 
2 2 
Te \ 3 
13.T'mYoct 
LE 
q = 
i @ 
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We can finally rewrite the strain-hardening Equation [89], using 
e and S as the variables as follows 


with the new material constants 


o0'Tm 1 2 
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inner radius r; = 0.4 in., an outer radius r; = 0.5 in., a wall 
thickness h = 0.1 in., H 1.5 X 107 psi, » = 0.3, G = 5,770,000 
psi. The constants a and », v2 for the tube were: a = 1/G = 
1.733 X 107-7, 1 = 1/h = 4, » = r2/h = 5. For the strain- 
hardening function of the tube metal, according to Equation 
[89], an exponent n = 4 and 


Yo = 1.733 x 10" roce + 2.866 107875044 [96 | 


was assumed. This would represent a material, which in pure 
tension would stretch 0.1, 1.6, 8.1, and 25.8 per cent at a stress of 
1, 2,3, and 4 X 10,000 psi, respectively. Results of the numerical 
computation are shown in Fig. 10 and Table 2. In Fig. 10 are 


TABLE 2 EXPANSION OF A TUBE 


(Pressures p: and p2 in function of the radial expansions ui and u2 using stress-strain relation Equation [89], and 


n= 
Variables———-- -—-- Pressures, Psi——- -—Radial expansions, in.—~ 
inner outer inner outer 
we mi = 1.14072 p2 ui ur 
0 0 0 0 0 0 0 
9.6 0.6 0.83 0.684 11800 10400 0.000312 0.000225 
0.8 0.8 1.55 0.912 15800 13800 0.000580 0.000300 
1 1 3.00 1.140 19730 17320 0.00113 0.000375 
1.2 1.175 5.48 1.340 23200 20350 0.00205 0.000450 
1.4 1.318 8.87 1.502 26000 22830 0.00333 0.000525 
1.6 1.433 13.68 1.635 28300 24830 0.00513 0.000600 
and the kinematic flow condition based on Equation [63] which 
is valid also for this more general type of flow t 
(1 — 4m, — (3 (wits w2™1) 
(1 + — = 0......... (93: 25000 
as follows: 
fl — — |X Y + [3 + Y) {1 + = 20000 
[94] 
We note that this last equation represents an equilateral hyper- — 
bola. Solving Equation [94] for 3 
— 42 — 1] — [8m + 
+ 3] — + * @)0000 
shows that the horizontal asymptote of this hyperbola is given by 
8 3 RESIDUAL PRESSURE = 0.722 
The four Equations |87], [88], [91], and [94] solve the problem of 


the flow in the expanded tube joint. 

The procedure for finding corresponding values of the radial 
pressure p; and the radial expansion u, of the tube consists of 
computing the corresponding values of +; and w; from the four 
equations mentioned. We start with the conditions, Equations 
[75], for the deformation of the steel plate and choose a value of 
w. If0< w, < 1, we take for rz = we, but if we > 1 (i.e. if the 
steel plate has been stretched beyond the yield point), we have 
to compute from 


= 4 — 3(w,)—1/3 (95 


Given w, and m2, Equation [91] expresses a function of X and 
Y. A second equation for X and Y is Equation [94]. From 
these two equations, we can compute X and Y, and finally w = 
and m = Yu. 

An example for the application of the preceding computation 
follows. Only the results of the numerical computations are 
given: We assume that the steel plate has a modulus of elas- 
ticity EZ’ = 3 X 10’ psi, a yield stress in tension oo’ = 30,000 psi, 
and a Poisson’s ratio v’ = 0.3. For the tube, we assume an 


° 0.001 0.002 0.003 0004 —-» 0.005 

RADIAL EXPANSION OF TUBE. 

Fic. 10 Pressures ReQuirRED FOR EXPANSION OF A TUBE ("1 = 
0.4 In., re = 0.5 In.) AND ResipuAL PressurE IN TuBE JoINT 


drawn two curves representing the pressures p, at the inner sur- 
face r = r, of the tube, and the pressures p; at the contact surface 
r = rz between the tube and plate. These pressures were plotted 
in function of the radial expansion w. Table 2 contains a few 
values of the inner and outer pressure p; and p; of the tube, and 
the corresponding radial displacements and 


5 Meruop or ComputTinc ResipuaL Contract PRESSURE AT 
INTERFACE BETWEEN STEEL PLATE AND TUBE 


After the pressures p; and p; have been computed by any of 
the methods which were described in the preceding sections, de- 
pending upon the type of plastic flow to be expected in the tubcs 
during rolling and in the steel plate, it is easy to find the residual 
contact pressure for r = 72 for a given radial expansion of the 
tube. 

Suppose that p,* and p,* are the pressures at which the radial 


vee 

| 
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expansions u,* and u2* were reached in the tube joint at radii 
r, and rz, respectively. When the inner pressure p; is reduced to 
zero after the permanent expansion of the tube, this latter and 
the steel plate contract. This contraction is due to an elastic 
state of stress in the tube joint. Since this state has been fully 
described in section 4, all that is needed to find the residual pres- 
sure in the joint after the external pressure p,* has been released 
is to superimpose on the system p;*, p2* an elastic-stress distribu- 
tion which together with the former one will just reduce the pres- 
sure to zero at the inner surface r = r, of the tube. 

If we designate by o; and o; any two corresponding simultane- 
ous values of the radial stresses which are transmitted in the tube 
joint at r = r, and r = rz by a purely elastic distribution of 
stresses, we know from Section 4 that it is expressed by the fol- 
lowing set of equations (see Equation [43]) 


[97] 
02 


As long as the tube and the steel plate remain in contact and 
have not separated, we know also that «: must be proportional 
to o; (see Equation [49]}) 


2v, 


[99] 


where = 71/h, = 12/h and v,»’, E, E’ are Poisson’s ratio and 
the moduli of elasticity of the tube material and the steel plate. 
Taking »; = 4, v». = 5 and the values which were used in the pre- 
vious examples, we obtain from Equation [49] 


The radial stresses o, remaining in the tube joint must therefore 
be equal to 


for r= fr o, = —p* +a =0 
{101} 
and for r = fs o, = +02 
Since o; = p,* we see that the residual pressure in the contact 


surface r = r; of the tube joint must be equal to 
Pa = De® — [102] 


These values have been plotted in Fig. 10, in function of the 
radial expansion wu, for the same numerical example which has 
been computed in section 4. In this figure were already plotted 
the curves for the pressure p,* and p,* required for expanding 
the tube versus the radial expansions 1. 

The curve for the residual pressures shows that but little is 
gained by rolling or expanding the tube much beyond a radial 
expansion of 2 mills in this particular example. The residual 
pressures reached in the joint are of the order of 3000 to 4000 psi. 


6—Suort Cur THroucH GENERAL Metuop Previous.y Dr- 
SCRIBED 


The pressure p; required for a permanent radial expansion of a 
tube joint is computed as follows: 


First the stiffness of the steel plate has to be expressed. Fora 
mild-steel plate, having a definite yield point, we can compute 
the pressure p2 at the bore r = r; from the expressions: 


below the yield point 


, 


after yielding has started 


u,* 1/3 
2 


where u,* designates’ the radial expansion of the hole r = 
just when the yield point ao’ is reached in the steel plate and 
= (1 + VSP’... 


A series of corresponding values of p, and uz are therefore known. 

Next, we have to express the conditions of yielding in the tube. 
The mean values of the radial and tangential stresses in the tube 
wall are given by 


and the mean values of the strains are 


(1 + + (1 — 


The octahedral stress and strain can be computed from 


Tot = va — 6,6, if | 


Since we note that the Equations [d] for o, and ¢, in terms of 
pi and p, are the same as the Equations [e] for e, and e, in terms 
of and we must obtain and ‘oct in the symmetrical 
forms 


Yor = 


| 


The kinematic condition of plastic flow is expressed in first 
approximation by assuming that 


Pi Srv. + 3 


indicating that during flow the ratio of the internal pressure p: 
to the outer pressure p: is a constant whose value depends only 
upon the dimensions of the tube. Since p:/p2 = constant, we see 
that roct is proportional to the pressure p2 


The numerical factor k appearing in Equation [1] has to be com- 
puted from Equation [h]. If the stress-strain curve is given as a 
graph or by means of a function 


| 
Tm 
! 
i 

| 
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the corresponding values of yoct can numerically be computed for 
a number of points and Equation [7] is a quadratic equation for 
the variable 

X = U1 / Ue. 


with numerical constants. The positive root X, of this equation 
furnishes the unknown radial expansion u,; = X,u: corresponding 
to ugand po. Thus, finally p;, p2, uw, U2 are known, and the curves 
p: OF ps in function of the radial expansion can be plotted, Fig. 10. 

If we wish to compute the residual pressure in the contact 
cylinder between the tube and the steel plate, we must superpose, 
on the plastic distribution, an elastic distribution of stress of 
the tube joint carrying at r = r2 an external normal stress o,; = 
pi* (see Equations [97], [98], and [99]) equal but opposite in 
sign to the normal stress (—p,*) under which the joint was per- 
manently expanded. Fig. 11 shows this purely elastic fictitious 
state of stress for the dimensions which were previously used: 
= = 4, = = 5. For these tube dimensions, we 
found that the stress o, in the contact surface r = r: was a2. = 
0.722c; (Equation [100]). If we designate, in general, the ratio 
of these two elastic stresses by m = o2/o0; (= 0.722 in our special 
example), the residual pressure p in the contact surface r = r2 
is found to be equal to 


As was just stated p,* and p,* are here the maximum pressures 
at r = r, and r = r, under which the tube joint was plastically 
enlarged. 

Fig. 12 shows what might be expected in a tube joint after par- 
tial yielding in the steel plate has progressed to a radius r = c. 
The two curves designated by o,*, o,* refer to the stresses just 
before unloading. The curves o,, o, represent the distribution 
given by Equation [43], using the values just expressed, and 
the shaded ordinates represent the distribution of the residual 
stresses in the tube joint remaining after its plastic expansion. 
The residual pressure in the contact surface r = r2 is given by the 
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ordinate BC in Fig. 12. The residual radial pressures are all 
compressions, but the residual tangential stresses change their 
sign once. They consist of compressions only in the inner portion 
of the joint. 


7 CoNncLusIons 


Assuming that the steel in the head plate or boiler drum has « 
definite yield stress, the pressures p2 required to enlarge the radius 
r of the bore were determined in function of the radial displace- 
ments t at the bore. This function pz, = f(u2) for partial yielding 
is represented in Fig. 7 and expressed by Equations [30] and 
{31}. The distribution of the radial and tangential stresses 
around the hole of the steel plate is shown in Fig. 6. 

If the tube metal is steel, having a similar stress-strain behavior 
as the head plate, the stress curves, as shown in Fig. 6, may in- 
clude also the tube walls and be extended to the inner surface 
with the radius r; of the tube. If the tube metal is much softer 
and yields itself at lower stresses than the steel plate, it appears 
that the effect of the rolling of a tube joint in first approximation 
is equivalent in the tube wall to a state of pure compression in the 
radial direction. In other words, the tangential and the axial 
stresses in the tube wall can be assumed to be zero and the mean 
value of the radial stresses is of the order of the radial pressure p; 
required to expand the steel plate. (In first approximation one 


d 
can take (ro,’) = 0 because o,’ = 0 and obtains in the tube wall a 
r 


radial stress o,’ = C/r from Equation [{8].) 

The state of plastic strain in the tube wall can therefore, in 
first approximation, be described by assuming that the radial 
strain ¢, is equal to the strain which would be observed in an or- 
dinary compression test of the tube metal under the pressure p». 
Strain hardening for the tube metal can be expressed, therefore, 
by «, = F (pe), using for this function the ordinary strain-harden- 
ing curve for compression. Furthermore, the permanent changes 
of the dimensions of the tube during rolling can be estimated 
from the relations «, = «, = —e,/2 valid for a state of pure com- 
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pression strain, where ¢, and e, designate the strain in tangential 
and in axial direction in the tube wall. For «, can be taken the 
mean value 


(103 | 


Since also « = —e,/2, Equation [103] permits us to compute 
the corresponding permanent increase of the inner radius of the 
tube from 


_ + rae, 


2 


It is recommended that tubes be rolled not much beyond a 
pressure p2* = go’ where ay’ is the yield stress in pure tension or 
compression in the steel plate. The residual pressure p in the 
contact surface r = r:, remaining after rolling of a tube joint, is of 
the order of (1 — m)oo’ where m = a2/o, has to be computed from 
Equation 


BEBLIOGRAPHY 


A series of papers is available, most of which deal with the 
practical aspects of tube expanding. The three papers? men- 
tioned in the text already contain this information, so that it is 
perhaps unnecessary to add a list of references to the present 
paper 

Discussion 

EK. T. Copg.t| ‘The paper by Dr. Nadai is a weleome addition 
to the growing bibliography of papers written on this subject 
in English. Until recently these writings dealt only with the 
practical phases of the problem, and it is encouraging and grati- 
fying to witness the beginning of a theoretical treatment of many 
features which so far have been treated only in an empirical 
manner. It is, of course, recognized that the erecting crews that 
build boilers and other heat exchangers in shops and in the field 
may not be able to make direct use of analytical studies such as 
this of Dr. Nadai, yet rigorous analysis accompanying and 
supporting empirical procedures usually proves to be the best 
lor construction work. 

One of the most difficult questions to settle in the rolling of 
any heat-exchanger tube joint is, “How much should a tube be 
expanded?” The author gives an answer to this question in his 
Fig. 10 in which is shown the change in value of the residual 
pressure between the outside surface of the tube and the inside 
surface of the tube; the change being produced by the expanding 
operation. The curve representing residual pressure shows a 
distinct decline in slope after a small increase in tube diameter. 
This indicates that, after a relatively small amount of expansion, 
turther rolling does not produce a proportional increase in 
residual pressure. 

If it is assumed that the holding strength of the joint is a 
‘unction of the residual pressure (a reasonable assumption if the 
surfaces are of uniform finish), Fig. 10 indicates that a relatively 
small amount of expansion will develop by far the greater portion 
of the possible holding strength that can be developed. That 
this is true has been shown by Fisher and Cope in several illus- 
trations of an earlier paper.® In all of these, the holding strength, 
expressed in pounds per square inch hydrostatic pressure neces- 
si to cause the tube to slip in the hole, increased to a maximum 


‘ Said Department, The Detroit Edison Company, Detroit, 
Mich. Mem. A.S.M.E. 
*“Rolling-In of Boiler Tubes,” by F. F. Fisher and E. . oe 


Trans. A.S.M.E., vol. 57, 1935, paper FSP-57-7, Figs. 3, 4. & 
and 9, 
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value and then decreased as the amount of expansion progressed. 
Thum and Jantscha® observed the same phenomenon and men- 
tioned it as follows: 

“The holding strength of the rolled joint reaches a maximum for a 
certain degree of rolling, and it decreases again after that more or 
less but always very definitely. From this the conclusion must be 
drawn that too much rolling has a distinetly unfavorable effect upon 
holding strength.” 

Lieberherr? states his observation of the same phenomenon in 
these words: 

“Tt was found that the moderately rolled tubes, , remained 
tight or sweated only slightly. while those which had been rolled 
excessively showed leaks.” 

The explanation for this phenomenon noted by these observers 
is not difficult. 

It has been observed by Fisher and Cope in their tests and by 
Siebel* that the surfaces of tube and tube hole, originally either 
ground to commercial finish or machined with shallow parallel 
grooves, were materially smoothed out when the joint was 
rolled heavily. This smoothing-out reduced the sliding friction 
between the surface of the tube and the tube hole, with the result 
that even though the residual pressure might be somewhat greater 
as a result of excessive rolling as indicated by the author in Fig. 
10, the product of coefficient of friction and residual pressure was 
less when the joint was rolled heavily than when it was not rolled 
so much. It must be concluded from Fig. 10 and from the ob- 
servation of the other investigators mentioned, that in the matter 
of holding strength of the joint, the best results are obtained when 
the joint is given a light to medium amount of rolling. 

Such a mild treatment of the metals which constitute the joint 
is favorable from another point of view, namely, the effect of 
work-hardening and disturbance of the metal, especially that 
on the inside of the tube, which may result from excessive rolling. 
C. H. Fellows,’ in his discussion of the Fisher and Cope paper,*® 
calls attention to the fact that the excessive rolling of tubes 
may be the basie cause for corrosion failure of boiler drums and 
tubes. This same fact is discussed by J. H. Walker in his report 
of Subeommittee No. 6 of the Joint Research Committee on Boiler 
Feedwater Studies. He calls attention to this same condition 
in the following statement :"" 


. but there seems to be complete agreement on the idea that 
caustic embrittlement can occur only when the following three 
conditions exist simultaneously : 

(a) ‘Certain chemical conditions of the boiler water. 

(b) ‘Physical conditions which permit high concentration of 
dissolved solids. 

(c) “Contact of the concentrated solution with highly stressed 
boiler metal.” 


and further: 


“Contact of the concentrated solution with highly stressed metal 
is a requirement which has been thoroughly demonstrated. Cracking 
has not been observed unless the stress is near or above the yield 
point. .. . Previous cold-working of the steel, renders it more sus- 
ceptible. ... The rolled-in tube end, however, remains a vulnerable 
point.” 


A striking example of the condition resulting from excessive 
or incorrect rolling is shown in the author’s closure to Fisher and 
Cope.’ Here photographs of tubes which failed after a short 


6“The Rolling and Pressing-In of Boiler and Superheater Tubes 
Made From Various Metals,” by A. Thum and R. Jantscha, Archiv 
fir Warmewirtschaft, vol. 11, 1930, pp. 397-401. 

7 “The Stress in the Drum of a Water Tube Boiler,’ by A. Lieber- 
herr, Schweizerische Bauzeitung, vol. 102, 1933, pp. 87-91. 

8 “Rolled Joints,”’ by Eric Siebel, Stahl und Eisen, vol. 53, 1933, 
pp. 1205-1215. 

® Chemist, Research Department, The Detroit Edison Company, 
Chairman Joint Research Committee on Boiler Feedwater Studies. 

10 “Caustic Embrittlement Research Brings Results,” by J. H. 
Walker, Mechanical Engineering, vol. 64, 1942, pp. 891-893. 


4 
4 
4 
| 


878 TRANSACTIONS OF THE A.S.M.E, 


period of service are shown in Figs. 3and4. In Figs. 5 and 6 of 
that closure, the results of a laboratory test are shown in which 
the excessive cold-working of the tube due to excessive or in- 
correct rolling is demonstrated. While it is true that Figs. 5 and 6 
were used to show a condition resulting from the use of improperly 
shaped rollers, the effect of excessive movement of the metal is 
evident. 

Dr. Nadai has dealt only with the pressures on the inside and 
outside of the tube in the rolled joint. Such values would be 
very difficult to measure even in the laboratory and probably 
could not be measured at all in the field or shop during the erec- 
tion of a boiler or a condenser. These relationships are very 
interesting but what is needed by the one responsible for correctly 
rolling-in a joint is an easily usable measure of the correct- 
ness, that is, adequacy and uniformity, of his tube rolling. Two 
empirical means have been described by Fisher and Cope®:"! in 
their papers on tube rolling. The earlier of these papers de- 
scribed the “elongation method,” and the latter the method in 
which the power input was used, employing a current-limiting 
relay to stop the rolling-in at a predetermined value of current 
input. 

The authors of these two papers would welcome an in- 
vestigation of the validity of these empirical criteria, as deter- 
mined by mathematical analyses of their procedures. Whether 
or not such analyses can be made does not affect the urgent 
need for some tangible, easily applied measure for determining 
the correctness of any tube-rolling procedure. This might be 
listed as question (a1) in the list of questions in section 1 of 
the present paper, inasmuch as, in the writer’s opinion, it surely 
deserves a higher priority than either question (b) or question 
(ec). 

After the author has developed the analytical proof supporting 
some readily usable criterion for the optimum amount of rolling 
and has answered questions (b) and (c), the writer would ask 
permission to pose some other difficult questions which have 
arisen out of experiences with boiler tubes. 

There are three criticisms which the writer wishes to make, 
the correction of which would facilitate the reading and enhance 
the comprehensibility of this splendid paper. These are as 
follows: 


1 In the presentation of Equations [7] and [8], the author 
states: ‘The solutions of these two equations have been expressed 
previously by the author in the parametric form .. .’’ Could 
the author conveniently insert the name and date of the publi- 
cation in which this material was shown? 


2 The use of the Greek letter x to signify some value other 
than 3.1416, the ratio of the circumference to the diameter of a 
circle, is strange to most engineers. Would not some other symbol 
have been equally satisfactory? Certainly the use of some 
symbol other than x would be less confusing. 


3 In the last paragraph of “Conclusions,” the new symbol 
m is introduced. It is not given in the list of designations. Even 
Equation [99], referred to in this paragraph, does not offer a clue. 
After a search the definition of m is found in the paragraph 
following Equation [n], in section 6. 


The writer wishes to thank the author for presenting this 
paper before the Society. He urged the author to make this 
presentation after the existence of this paper was made known 
during the 1942 Annual Meeting of the Society. This work brings 
the tube-rolling problem nearer to a rational solution and is a 
valuable contribution to knowledge of the subject. 


11“‘Automatic Uniform Rolling-In of Small Tubes,” by F. F. 
Fisher and E. T. Cope, Trans. A.S.M.E., vol. 65, 1943, pp. 53-60. 
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J. N. Goopigr!? anp G, J, ScHogssow.'® This paper will be of 
the greatest interest to all engineers concerned with the design of 
tube joints made by the expanding process. It is one of the few 
contributions to a thorough theoretical analysis. 

In 1941, The Babeock & Wilcox Company developed work on 
this subject, which had been in progress many years, into a 
three-way investigation which resulted in the presentation of 
three papers. 

In order to treat this problem theoretically, so far it has been 
necessary to make certain assumptions, three of which are basic 
in importance. 

1 That the expander has a large number of small-diameter 
rolls, or is in some other way equipped to produce an action 
inside the tube which can be assumed to result in the same stress 
distribution through the tube seat as would be accomplished by 
a uniform hydrostatic internal pressure applied to the inside 
surface of the tube end. 

2 That the longitudinal stresses set up in the tube material 
within the longitudinal limits contained by the tube-plate thick- 
ness are zero, that is, there is no longitudinal restraint of the tube 
end or the tube plate material, and it is free to flow longitudinally. 

3 That the analysis for a single hole in a large plate will serve 
also when the plate has many holes. 

These basic assumptions are also made in the writers’ paper,'* 
and it appears that the results in so far as they cover the same 
ground are in agreement. In view of the necessity of such 
assumptions, however, theoretical results must be regarded as 
suggestive rather than conclusive, and the writers’ work was 
especially aimed at comparison with measured residual pressures 
in order to gain some idea of the significance of the assumptions. 

The author has introduced strain hardening and calculations 
of radial displacement. Here, again, it will be very valuable to 
have a comparison with measurements, whenever suitable meas- 
urements are available. 

The question of how far the plastic zone should be extended into 
the tube plate by the expanding process is defined by two limits, 
an upper limit of 1.75 times the radius of the hole, a lower limit 
of yielding just beginning in the tube-seat plate. The range 
between these two limits is large. However, detailed considera- 
tion applying the theoretical formulas now available to any 
specific application will help to narrow the range and arrive at a 
limit for that particular construction. Theoretical help of this 
kind was heretofore not available to the designing engineers. 

In section 1 of the paper, certain questions are raised, two of 
which, namely, (b) the time-temperature relaxation of the forces 
in the expanded joint, and (c) the axial and peripheral bending 
stresses at the end of the expanded zone in the tube, are worthy 
of serious study. Generally, they play a part of minor impor- 
tance in an expanded joint. However, there may be some unusual 
applications of expanded joints in which these items would as- 
sume first importance. 

Another item might be added, which appears to be of real 
importance, namely, (d) the exact nature of the stress produced 
under each roll of a 3-roll expander (or multiroll expander), «s 
compared with the results predicted by these current papers, 
which are on the basis of uniform hydrostatic pressure producing 
the expanding force. 

On these three possible investigations, the writers might 
comment as follows: 

(b) The problem of the time-temperature relaxation of forces 


12 Consulting Engineer, The Babcock & Wilcox Company, New 
York, N. Y.; Professor of Engineering Mechanics, Cornell University 
Ithaca, N. Y. Mem. A.S.M.E. 

13 Engineer, The Babcock & Wilcox Company, Barberton, Ohio. 
Mem. A.S.M.E. 

14 Refer to footnote 2 of the paper. 
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in the expanded joint is to some extent the same one which occurs 
for bolted-flange joints. In order to predict the relaxation of the 
stresses in the expanded joint when it is first made, it is necessary 
to have a mathematical expression representing the creep proper- 
ties of the materials involved. This mathematical expression is 
generally not coincident with actual results of test data, and as- 
sumptions have to be made to cover this situation. Having set 
up the proper assumptions, however, it would be possible to 
continue through the data which would be of real help to de- 
signers in predicting the relaxation of the expanded joints. The 
writers have had this subject under consideration for some time 
and believe that it will be possible to accomplish theoretical re- 
sults which would be worth the effort involved. 

In the ordinary construction involved in boiler-tube expanded 
joints for low-pressure and low-temperature service, relaxation 
is not of primary importance. However, as temperatures and 
pressures continue upward, this factor becomes very important 
and has much to do with determining the limit at which an ex- 
panded joint may still be satisfactory or whether the joint must 
be welded or some other construction resorted to. 

(c) The axial and peripheral bending stresses at the end of 
the expanded zone in the tube: 

In Fig. 13 of this discussion, it is apparent that when sufficient 
expanding of the tube end has taken place to produce a satis- 
factory’ joint, the enlargement at some point such as A will have 
been such that the peripheral stresses are just at the yield-point 
value. To the right of this point, the stresses decrease and to 
the left of this point. they are in the zone of plasticity. 


Fig. 13 DiaGram RELATING TO THE AXIAL AND PERIPHERAL 
BENDING STRESSES AT END oF EXPANDED ZONE IN TUBE 


In 1937, the writers made calculations on this problem using 
the elastic-foundation theory and arrived at a formula giving the 
value of the bending stresses at the maximum value to the right 
of point A. This formula is 


0.55 e 


‘in which 

8 = longitudinal bending stress, psi 

e = elastic increase in radius at point A, in. 

E = modulus of elasticity. 

r = mean radius of tube at point A 

u = Poisson’s ratio of tube material 
Applying this formula to a steel tube in which u = 0.3; E = 
-30,000,000 psi; ¢ = 0.001 r, we find that s = 17,000 psi maximum 


to the right of point A and is independent of diameter or thick- 
ness of tube. 

(d) The exact nature of the stress produced under each roll 
of a 3-roll expander (or multiroll expander), as compared with 
the results predicted by the current papers which are on the 
basis of uniform hydrostatic pressure producing the expanding 
force: 

The results of experiments, compared with the theory in the 
current series of papers, indicate that the hydrostatic-pressure 
assumption is a fairly safe one for tube joints that are expanded to 
a large degree, in which the plastic zone is carried well into the 
tube-seat plate. However, the writers are not certain that the 
results of these papers would agree with experimental data 
covering lightly expanded tubes; for instance, those in which the 
plastic zone is not carried into the tube sheet at all, but in which 
the expanding is stopped exactly at the moment when the tube- 
seat surface has just reached the plastie state. For such lightly 
expanded tubes, the action of the cylindrical roll on the inside sur- 
face of the tube end produces stresses which are very different 
from those contained in the assumption of hydrostatic pressure. 

The writers have made calculations on the basis of three or more 
individual rolls with their concentrated loading on the inner sur- 
face of the tube end and the subsequent yielding of the tube im- 
mediately under the roll, and how this plastic zone extends 
through the tube. It would appear that detailed attention 
must be focused on the nature of the stresses under the indi- 
vidual roll when establishing a theory which is to apply to the 
lightly expanded tubes. 

Another important consideration which must not be over- 
looked is the relation between the inner-face pressure between 
the tube and the seat, and the hydraulic tightness and structural 
strength of the joint. This also must receive considerable study 
before the predicted residual pressures can be applied to a partic- 
ular design of expanded joint. 

It is apparent from the foregoing that much work remains to 
be done on the theoretical analysis of this problem. However, 
considering the progress which has been made in this direction in 
the last few years, the writers are hopeful that it may not be too 
long before the investigations outlined will be completed and 
published for the use of the designing engineer. 


AvuTHOR’s CLOSURE 


The valuable comments and observations by Messrs. E. T. 
Cope, J. N. Goodier, and G. J. Schoessow raise a number of in- 
teresting questions and points which need further investigation or 
discussion. Some of these remarks refer to what may be termed 
an oversimplification of the actual conditions of flow present 
under which a tube joint is produced. This has to be admitted; 
however, it seemed hopeful to consider the flow around a tube 
joint only under the simplifying assumption of a purely radial sym- 
metry. If three rolls are used in the expanding tool, it is evi- 
dent that the pressure is exerted in three equally spaced concen- 
trated strips along the surface of the hole. The true local pres- 
sures under which these rolls act must be higher than the mean 
pressure which would be needed to expand the steel plate radially 
by the same amount uniformly. But it must also be conceded 
that the concentration of the stresses produced around the three 
local impressions of the rolls must disappear very quickly around 
each impression. The more rolls possible to use in the expanding 
tool and the more gradually they would be loaded, the nearer 
would the cases converge to the uniform distribution which was 
assumed in the paper. 

It is rather important that Mr. Cope and other observers 
found that excessive rolling of the tubes accelerates corrosion at- 
tack. Although the paper mainly deals with the problem of de- 
termining the distribution of the plastic stresses during yielding 
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and of the residual stresses remaining after rolling, Mr. Cope 
raises a question concerning the amount of expansion. This may 
be judged by means of the permanent distortion produced in the 
joint, i.c., by measuring the accompanying permanent radial 
increase of the inner tube diameters. The mathematical analy- 
sis included also these radial changes of the inner or outer 
diameter of the tubes accompanying the expansion and thus may 
assist in predicting permissible amounts of rolling. Equations 
{9] and [9a] of the paper, containing the solution of the two Equa- 
tions [7] and [8], quoted by Mr. Cope, were given in an earlier 
text by the author.’® Use of the Greek letter m may be ex- 
cused by stating that it was chosen as the Greek equivalent of the 
Latin letter p universally used for designating hydrostatic pres- 
sures and because x should designate a dimensionless variable con- 
taining the pressures p. Omission of the symbol m was an over- 
sight. 

Messrs. Goodier and Schoessow emphasize once more the sim- 
plifying assumptions on which the computations had to be based. 
The writer believes that, for example, assumption 2 could well be 
justified since the comparatively small length of the rolled 
portion of the tube has to carry a secondary equilibrium distribu- 
tion of stresses in the axial direction. The normal stresses o, 
vanish at or near the two plane surfaces of the steel plate both in 
the tube wall and in the steel plate. The secondary stress o, 
could, therefore, reach its maximum value in the plane bisecting 
the plate, and the mean value of ¢, was a fraction of the maximum 
value. It is known that in similar cases also, shearing stresses 
7,; must be present which are caused through the friction. which 
opposes the change of the tube dimensions in the axial direction. 


"18 “Plasticity,” by A. Nadai, McGraw-Hill Book Co., Inc., New 
York, N. Y., 1931, p. 192. 
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These stresses again reach their maximum values near the two 
plane surfaces of the steel plate and are probably quite small over 
the central portion of it, so that it appeared justified to neglect 
both stresses, 

As to the third assumption it must. be admitted that it was not 
even mentioned in the paper. It is true that if the plate has 
many holes and the thickness of material remaining between two 
neighboring holes is a small fraction of the hole diameter, the re- 
sistance of the steel plate against any radial expansion must be 
diminished considerably. Some idea about this effect, could, if nec- 
essary, be obtained from tests. Such tests were run by E, A. Davis 
in Pittsburgh a few years ago in which the “apparent”’ elasticity 
modulus was experimentally determined for perforated steel plates 
which were tested in tension. For the weakened elasticity of a plate 
having many holes, certain correction formulas could, if needed, 
be established. It is, doubtful however, whether something cor- 
responding could be done also for the plastic behavior of a per- 
forated plate. 

The author agrees with the last quoted discussers that amony 
the unsolved questions the one referring to the relaxation of the 
locked-up pressure distribution in an expanded tube joint is o! 
great importance if the temperatures are high (boiler tubes) 
Whether a theory can be worked out for the relaxation of a tube 
joint is to be seen. Conditions cannot be easily compared wit! 
those in bolted flange joints because the relaxation laws of re- 
sidual stresses after cold work and after an intermediate heating 
are unexplored and very little has yet been done by experimenting 
in this field. To the last two points brought up by Messr- 


Goodier and Schoessow, the author cannot add any observatio: 
because he has had no oecasion to investigate them. 
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Fatigue Characteristics of Rubber 


By F. 


Repeated oscillations eventually will cause rubber or 
synthetics to deteriorate and crack from ‘‘dynamic fa- 
tigue.”’ If maintained under constant stress just below its 
tensile strength, rubber will break from the high stress. 
This phenomenon is characterized as ‘“‘static fatigue.’’ 
Both vibration and loading are involved in practical appli- 
cations of rubber and synthetics, and the material fails 
The 
author presents data resulting from quantitative studies 
made on rubber and synthetic samples covering both types 


generally from a combination of these two causes. 


of failure. These are considered separately, and then prac- 
tical conclusions are drawn from the combination of the 
two. 


F a rubber member is continuously vibrated it will crack and 
ultimately rupture as a result of the repeated oscillations to 
which it has been subjected. The gradual deterioration of 

physical and chemical properties which accompanies such vibra- 
tion is called “dynamic fatigue.”” The number of complete vibra- 
tions required to rupture the rubber is referred to as the “dynamic 
fatigue life’ of the member for the particular condition of vibra- 
tion imposed. The time period of vibration depends upon the 
fatigue life in cycles and the frequency of vibration. 

If a rubber sample is not vibrated but is kept under a static 
stress slightly less than its ordinary tensile strength it will break in 
a very short time due to the high static stress to which it has been 
subjected. 
‘found that the time elapsing between loading and rupture varices 
with the load. 
ticular time to break a sample decreases with time as the sample is 
Ultimately, the load required to break 
the sample decreases until it becomes equal to the load which is 


If smaller loads are placed upon similar samples it is 
In other words, the load required at any par- 
kept under a static load. 
acting on the sample and rupture results. This phenomenon of 
‘ailure caused by a static load is referred to as “‘static fatigue.” 

Both vibration and loading are ordinarily involved in practical 
applications of rubber, and hence actual fatigue is a combination 
of these two types. We shall discuss dynamic and static fatigue 
separately and then consider how the two combine in practice. 

If a rubber part is vibrated back and forth along its own length 
between constant-strain limits we say that it is undergoing con- 
stant-strain linear dynamic fatigue. Fig. 1 serves to define cer- 
tain oscillation variables which are of fundamental importance 
ior that type of vibration. The free unstrained length of the 
rubber is Lo; its maximum and minimum vibration lengths are 
Lax and Lmin; and its oscillation stroke is AL. Other things 
being equal, the two variables which determine the dynamic 
fatigue life of the rubber are the percentage linear strain in the 
rubber at its minimum length and the oscillation stroke, ex- 
pressed as a percentage of the free length. These are, respec- 
tively, aE < 100 and a < 100. Itis clear that for rubber 

40 
there are wide limits of variability for these two quantities. 


‘ At the time of delivering this paper, the author was connected 
with the U. S. Rubber Company, Detroit, Mich. 

Contributed by the Rubber and Plastics Group and presented at 
the Annual Meeting, Nov. 30—Dec. 4, 1942, of THe AMERICAN So- 
CUETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


L. YOST,! EVANSTON, ILL. 


AL 
I (100) = per cent oscillation stroke 
40 
Linin — Lo . § +extension 
(100) = per cent minimum strain ) compression 


hia. {UBBER SampLe IN Test MacHIne 


INVESTIGATION OF LINEAR Dynamic Fyricus Lire or RUBBER 

The two questions which have been investigated quantitatively 
are: 

1 If per cent AL is kept constant how does the fatigue life of 
a rubber unit depend upon the percentage linear strain at mini- 
mum length for strains ranging from high compression to high 
extension? 

2 If the percentage linear strain at minimum length is kept 


Types oF RusBBER Samp.Les Usep 1n LINEAR DyYNAMIC 
Tests 
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Fic. 5 Two Typres 
(Left, DeMattia fatigue machine with rubber samples; 
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constant how does the dynamic fatigue life depend upon the mag- 
nitude of per cent AL? 

A number of different types of samples and test machines were 
used in this investigation. Fig. 2 shows the types of tension 
samples, which were cylindrical dumbbells of rubber bonded to 
metal-bolt ends. Effective rubber lengths varied from 2 to 
'/s in., and the ratio of diameter to length varied from '/j¢ to 8 in. 

Fig. 3 shows a low-speed fatigue machine in which the bottom 
bars are held fixed and the top bars are moved up and down. 
Samples fastened between the bars are vibrated 180 times per 
min through oscillation cycles which can have an arbitrary mini- 
mum length and a stroke up to 3'/2 in. 

Fig. 4 shows a high-speed fatigue machine. The end heads are 
fixed and the inner heads are “wobble plates” which vibrate the 


oF Fatigue MACHINES 
right, high-speed dynamic fatigue machine, !/4-in. stroke 
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Fig. 7 


samples linearly. Samples fastened between the two plates are 
vibrated 3600 times per min through oscillation cycles which 
have a stroke of !/2 in. and an arbitrary minimum length. 

Fig. 5 shows a low-speed fatigue machine which operates at 
660 cycles per min. The stroke can be varied up to 2 in. and the 
minimum length is arbitrary. The fatigue machine in the lower 
right-hand corner is similar to the one in Fig. 4 except that its 
stroke is '/, in. instead of 1/2 in. 

Fig. 6 shows the general nature of the dynamic fatigue life 
curve for small oscillation strokes, say of the order of per cent 
AL = 25. The average number of vibrations required to rupture 
the rubber completely, i.e., its dynamic fatigue life, is plotted 
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against the percentage strain at minimum length, both in arbi- 
trary units. Rubber exhibits a minimum dynamic fatigue life 
where the minimum oscillation length is approximately equal to 
the free length. Fatigue lives for both compression and extension 
are higher. The general nature of the curve remains the same if 
we plot the number of cycles to produce the first visible crack 
rather than the number of cycles to produce failure. 

Fig. 7 is a plot of experimental results for a 50-durometer stock. 
A 50-durometer stock is one of medium hardness, somewhat 
softer than an ordinary tread stock. The data are for rubber 
worked indoors, in artificial light and in the absence of oil or simi- 
lar deteriorating chemical agents. The average dynamic fatigue 
life in cycles is plotted logarithmically against the percentage 
linear strain at minimum length. The data are for per cent AL 
varying from 25 to 350. Ona linear scale the difference in height 
between each maximum and its corresponding minimum would be 
greatly enhanced. For example, for the 25 per cent oscillation 
the fatigue life at the minimum is about 6 X 108 cycles, whereas 
that at the extension maximum is over 6 X 108 cycles, or more than 
100 times as great. This graph contains results for some 500 
samples and each point represents the numerical average of from 1 
to 20 sample breaks. For small per cent AL there are two maxima. 
For large per cent AL there is no compression maximum. For a 
given percentage strain at minimum length the fatigue life falls 
off with increase of per cent AL. As per cent AL increases, the 
fatigue-life hump in the extension region shifts toward the origin, 
because for a given stock the percentage elongation at break is a 
fairly definite quantity. 

Corrections were not made in this graph for rubber tempera- 
ture differences resulting from fatiguing samples of different sizes 
and shapes at different frequencies. If all temperatures were cor- 
rected to, say, 100 F the general nature of the curves would re- 
main the same, but the compression humps would be raised con- 
siderably. For small per cent AL the compression hump would be 
higher than the extension hump. 

All stocks considered (which ranged from 30 to 80 durometer) 
have similar constant-strain linear dynamic fatigue life curves. 
In general, for the same strain conditions of oscillation, a harder 
rubber stock will have a lower life than a softer stock. 

The size of sample and the frequency of vibration ordinarily 
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affect the fatigue life only in so far as they affect the rubber tem 
perature. Fig. 8 shows in a general way how the temperature o! 
the rubber affects its fatigue life. The graph is a composite on: 
intended to cover most of the stocks with which we worked. Th« 
ratio of fatigue life at a given temperature to that at 100 F is 
plotted logarithmically against the temperature. The effects o: 
high temperature endured for any length of time depend upon th 
aging properties of the stock; and low temperature brings 1 
the freezing properties. These and their interaction with the 
effect of vibration vary for different stocks so that it is impos 
sible to be too definite about the course of the curve for high and 
low temperatures, which accounts for the broad bands in thi 
attempt at generalization. 

Fig. 9 shows a high-speed ‘‘constant-load” fatigue machine 
In this machine the lower end of a sample is loaded with weight- 
The top of the rubber sample is vibrated up and down while th« 
weight remains stationary due to mismatching of forced and 
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natural frequencies. In this type of testing the rubber samples 
ean drift as they are being fatigued. This machine vibrates the 
samples 1800 times per min through a '/s-in. stroke. 

The general nature of the constant-load fatigue-life curve is 
similar to that for constant strain, except that for constant load 
the extension fatigue-life hump is narrower, for a reason which 
will be fairly obvious when we consider static fatigue. An inter- 
esting feature of constant-load testing is that when the elongation 
under load is sufficiently small so that the sample is in compression 
during part of the stroke, we find the fatigue lives starting up on a 
constant-load compression hump. 

The size and shape of a practical rubber part ordinarily bear 
little resemblance to one of these test pieces. That is usually true 
of fatigue-testing of any material. For that reason the practical 
application of fatigue data partakes more of the nature of an art 
than of a science. However, the knowledge obtained by the use 
of these dumbbell samples becomes a powerful tool in reasoning 
concerning more complex cases. 


Dynamic Fatigue Tests iN SHEAR 


As an example, we want to show the results of fatigue testing in 
shear and to demonstrate how the results are in agreement with 
what one would conclude should be the case from linear testing. 

Fig. 10 shows results obtained with shear samples of the 50- 
durometer stock previously discussed. The center plate of the 
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shear sandwich was vibrated while the outer plates were held 
fixed. The oscillation displacement was '/2 the thickness of the 
rubber, representing a 50 per cent shear vibration. In shear 
mountings, the rubber may be put in lateral strains which are 
normal to the center plate. Three conditions of lateral strain are 
shown: 0, 12'/. per cent compression, and 25 per cent extension. 
The first row corresponds to a —25 to +25 per cent shear cycle; 
the second, to a 0 to 50 per cent shear cycle; and the third, to a 
75 to 125 per cent cycle. 

Both B and C underwent a 50 per cent shear oscillation, but B 
had a minimum shear of 0 per cent whereas Chad a minimum 
shear of 75 per cent. Essentially the rubber elements in C were 
being worked up on the linear-extension fatigue hump whereas 
those in B were being vibrated at the linear-fatigue minimum. 
As a result C had a life 15 times that of B. 

For each complete 50 per cent shear oscillation, sample A was 
actually subjected to two alternating 25 per cent shear cycles. 
A shear unit of this same stock vibrating from 0 to 25 per cent 


shear has a life of about 14 10° cycles, which explains the 7 
< 10% cycles here. Even though the sample returns twice each 
cycle to a condition of zero strain the life is greater than that for 
B because the effective stroke is less, being 25 rather than 50 per 
cent. 

Samples D and E have higher minimum strains than A and B, 
respectively, and accordingly have higher lives. Sample F falls 
below both C and J because its minimum strain is less than that of 
either of the others. Sample J has the greatest life because its 
ininimum strain is greatest. 

The whole conception of shear, therefore, conforms well with 
that which we know for the linear case. 


ResULTS OBTAINED WitH SYNTHETIC Stocks 


When we were doing most of our work on fatigue we were not 
concerned with thoughts of a rubber shortage and the properties 
of rubber itself offered a wide field for investigation. Only a 
little work was done on synthetics. Tests were carried out on 
synthetic stocks of 35, 45, and 55 durometer. Roughly, results 
were as follows: For constant-strain fatigue the synthetics had a 
minimum near the origin, as does rubber. For these stocks the 
fatigue-life minimum was displaced somewhat from the origin 
toward the extension region, probably due to the acquisition of a 
permanent set. For coustant-load testing the fatigue-life hump 
in the extension region was much narrower for these stocks than 
for comparable rubber stocks. In general the fatigue lives of the 
synthetics were lower than those for rubber of similar hardness. 
This was particularly true for the constant-load tests where dif- 
ferences were pronounced. Considering the volume of work which 
has been done on synthetics since these tests, it is probable that 
there is less difference between their fatigue behavior and that of 
rubber 


Sratic Fatigue Tests ConpucTreD 


We will now consider static fatigue, which has previously been 
defined as failure under a statie load. Fig. 11 shows the type of 
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sample we used for tension static fatigue tests. The sample had 
a uniform width of !/s in. for a length of about '/2 in. at the center. 
This’shape was chosen to insure breaks near the center. The 
samples were cut from cured rubber slabs. In what follows, stres- 
ses on the samples are expressed in pounds per square inch of origi- 
nal area at the centers of the samples, the stress for each sample 
being corrected for the actual gage of the sample. In a tension 
static fatigue test a sample was subjected to a constant load at a 
constant temperature, and time under load to failure was noted. 

Fig. 12 shows tension static fatigue data for two typical motor 
products stocks at 100 F. Stock A is 54 durometer with an aver- 
age tensile strength of 3540 psi of original area. Stock B is 39 
durometer with an average tensile strength of 3650 psi of original 
area. The average tension static fatigue lives of the samples in 
years are plotted against the stresses at the centers of the samples 
in pounds per square inch of original area. The curves show 
that the static fatigue lives of samples are functions of the stresses 
acting on them; that the lives fall off rapidly with increasing 
stress; and that the dependence of life on stress is a function of 
the stock, among other things. For stresses higher than 1500 to 
2000 psi, the lives become smaller and smaller for increasing 
stresses and decrease to minutes or seconds in the region of the 
tensile value; and in the complete course of the curves B is 
superior to A. 

This dependence of life on stress is to be expected from the fact 
that average tensiles of samples which have been supporting loads 
for some time are lower than the average tensiles of control sam- 
ples which were not under load. Fig. 13 shows how average room- 
temperature tensiles of samples of stock A are affected when 
samples are kept under load at 100 F or 142 F for different periods 
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of time. Groups of samples were subjected to the same stresses. 
At different time intervals a group was unloaded and the average 
room-temperature tensile was determined. These tensiles, ex- 
pressed as percentages of the corresponding tensiles of samples 
not subjected to stress, are plotted against time under load pre- 
vious to tensile testing. The upper of each pair of curves cor- 
responds to a stress of about 15 per cent of the original tensile of 
the samples; the lower, to a stress of about 30 per cent. Actual 
loads on the samples were 5 and 10 1b. 

These curves show that the tensiles of samples under load 
actually decrease and that the decrease is greater the greater the 
load and the greater the length of time under the load. They also 
show that static fatigue takes place much more rapidly at high 
temperature than at low. 

Fig. 14 shows the relative loss in tensile for samples of stock A 
and B stressed at about 32 per cent of their tensile at 142 F. The 
behavior of the two curves is in qualitative agreement with the 
static fatigue curves already shown, that is, A is worse than B. 

Static fatigue occurs not only in rubber stocks but also in the 
neighborhood of rubber-to-metal bonds. We refer to a failure in 
this region as a “bond” failure, even though a thin layer of rubber 
remains coating the metal. Fig. 15 is a plot of data for static 
fatigue of the bond for a stock with a shear modulus of about 80 
psi used in the type of shear sandwich shown. During the tests 
the samples were kept at 100 F and at various constant-shear 
deflections. The average static fatigue lives of the bonds, in 
days, are plotted against the percentage constant-shear deflections. 

Static fatigue life curves for either rubber stocks or rubber-to- 
metal bonds and for all types of deformations have this same gen- 


1000 
AVERAGE 
BOND STATIC *°° 
FATIGUE LIFE 
IN DAYS SAMPLE 
$00 \ 
300 
100 
300 00 


200 yoo 
% CONSTANT SHEAR DEFLECTION 


Fig. 15 Static oF RuBBER-TO-METAL Bonp For A Stock 
Wirs a SHEAR Mopu oF Asovt 80 Ps1 


N 
STATIC 
LIFE IN 
HOURS 
(LOG 
s 


20 30 
CURING TIME IN MINUTES AT 320° F. CURING TEMPERATURE = 


Fic. 16 Errect or DEGREE oF CuRE ON Static FATIGUE OF Stock A 


a 
TENSILE 7° 
exeresseo | | | | | | 
= 

+ 
2 
| 


YOST—FATIGUE CHARACTERISTICS OF RUBBER 887 


eral form whether plotted as functions of constant stress or of 
constant deflection. For any particular casethe actual magnitudes 
of the lives, which may be greater or less than those shown in this 
graph, depend upon many factors, i.e., the shape of the unit, the 
stock, the cure, the rubber-to-metal bond, the temperature of the 
rubber, and the type and amount of deformation. For example, 
there was no lateral pressure on the rubber in the units from which 
data were taken to plot this curve. If the rubber had been under 
10 or 20 per cent lateral compression strain during test the aver- 
age fatigue lives would have been much greater. 

As is shown in Fig. 16 the static fatigue life of a stock varies 
with the degree of cure. Average tension static fatigue lives, in 
hours, are plotted logarithmically against times of cure, in minutes, 
at a curing temperature of 320 F. T-50’s which are a measure of 
the degree of cure are indicated for certain times. These samples 
were kept at 100 F and were stressed at about 1570 psi of original 
area at the center, corresponding to 44 per cent of the tensile for 
normal cure (i.e., maximum tensile). Resistance to static fatigue 
decreases as degree of cure is increased beyond a certain optimum 
value which varies with the stock. In particular the long-time 
static fatigue lives for slight undercures are many times greater 
than those for normal cures or overcures. Of course, for degrees 
of cure low enough for the stock to be practically raw the static- 
fatigue lives would fall off to negligible values. 

It would be concluded from this graph that a static fatigue 
life curve for a stock highly overcured would lie below that for 
the same stock normally cured or slightly undercured; and that 
reduction in tensile under load would be more pronounced for 
high overcure than for normal cure. Tests have shown this to be 
the case. This dependence of fatigue on cure is an important 
consideration because it is often the practice to overcure stocks 
slightly in order to reduce their drift in use. Such overcures un- 
questionably reduce the static fatigue resistance. 


TENSILE 
EXPRESSED 
AS A * 


syntretic stogx D 


100 200 300 aoe 
TIME UNDER LOAD AT 142 IN HOURS— 


Fig. 17. Repuction or AVERAGE TENSILE WiTtH Time UNDER 


Stress aT 142 F ror Stock D 


Synthetic rubbers, like natural rubber, undergo static fatigue. 
Fig. 17 shows how time under stress reduces the tensile of a syn- 
thetic stock. Samples were stressed at about 26 per cent of their 
tensile at 142 F. In going from room temperature to 142 F, 
the tensile for rubber will ordinarily not decrease below 80 to 90 per 
cent of its room temperature, whereas the tensile of this synthetic 
fell to about 10 per cent of its room-temperaure value. Therefore, 
although this curve and the previous reduction in tensile curves 
for rubber represent roughly the same relative loadings, these 
samples were supporting loads of 10 oz, whereas the rubber sam- 
ples were supporting loads of about 10 lb. This radical reduction 
in tensile with increase of temperature must be of importance in 
fatigue units working at high temperatures. In cases of use at 
room temperature and where cracking would lower the fatigue 


life this synthetic would be expected to be somewhat better than 
rubber. Otherwise it should be about the same at room tempera- 
ture. 


Errecr or Sraric oN Dynamic Fatiaur Lire or 
RUBBER 


We now want to consider how static fatigue effects limit the 
use of high stresses to get good dynamic fatigue. Fig. 18 shows 
static and constant-load dynamic fatigue life curves for linear 
extension for a given stock at a given temperature. As ordinate 
is plotted either the static or dynamic fatigue life in arbitrary 
time units. As abscissa is plotted in arbitrary units either the 
static stress or the equilibrium stress for the dynamic case. 
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For the dynamic fatigue curves, the per cent AL and tempera- 
ture are the same.* They differ only in the frequency of vibration. 
Points on the curves corresponding to the same stress represent 
the same number of cycles but different time lives. The frequency 
of vibration for curve I is so high that the complete dynamic 
curve falls well within the static curve. Hence it represents the 
true dynamic fatigue case. Curves II and III are for lower vibra- 
tion frequencies. Out to their intersection with IV, these curves 
represent multiples of the time intervals for curve I. The dashed 
lines at the intersections show the trend actually taken when the 
stresses are of such magnitude that static fatigue starts to become 
the predominating factor. 

Therefore, if rubber is worked in extension and if the conditions 
of vibration are such that static fatigue can become an important 
consideration there is a limit to the time life which can be ob- 
tained by increasing the stress in the rubber; this limit is roughly 
the time corresponding to the intersection of the dynamic and 
static fatigue curves, because at that time static fatigue becomes 
the determining factor. The lower the vibration frequency the 
lower will be the stress at which this intersection takes place. 

The same general relation between static and dynamic fatigue 
holds for all other types of deformations. In practical designing 
allowance must be made for both types of fatigue. Any choice of 
working stresses must be so determined that both the dynamic 
and static fatigue lives are adequate. 
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Discussion 


JH. Dinvon.? This paper constitutes an excellent summary of 
the results of several papers published previously by Dr. Yost 
and his co-workers. In particular, the first’ of these papers set 
forth for the first time in sound quantitative form the basic de- 
pendence of dynamic fatigue life upon the minimum strain and 
strain amplitude. In a second paper‘ the principles of static 
fatigue were given and their relationship to those of dynamic fa- 
tigue was discussed. The present paper should be of great value 
to the mechanical engineer since it reviews previous published re- 
sults and groups them in a convenient form for engineering 
application. 

Dr. Yost has clearly established the important fact that the 
dynamic fatigue life of rubber has a minimum value at zero mini- 
mum linear strain; strain amplitude, frequency, and tempera- 
ture being held constant. He points out that this principle ap- 
plies to a shear support even though the rubber may be in a state 
of static compression or tension. In the case of a shear support 
where the rubber is in static compression, for example, the mini- 
mum fatigue life occurs at some positive shear deflection for which 
the minimum linear strain is small. 

Most of the results of this paper were obtained with rubber 
cylinders in forced axial tension and compression vibration. 
This relatively simple experimental arrangement is ideal for 
bringing out the basic facts. In actual applications of rubber in 
vibration service, however, the state of strain is often complex 
and considerable caution should be exercised in using the conclu- 
sions derived from the simpler experimental system. For ex- 
ample, consider the case of a test piece of rectangular cross section 
small compared to its length so that bending takes place when the 
jaws of the vibration apparatus are separated by a distance greater 
than the mimimum length. To illustrate this case, some pre- 
liminary results were obtained with a Buna-S tire-tread stock. 
As indicated in Fig. 19, bending actually took place with values 
of the minimum static tensile strain as high as 30 per cent. The 
reason for this behavior, of course, is that the elastic time con- 

* Firestone Tire & Rubber Co., Akron, Ohio. 


‘Dynamic Fatigue Life of Rubber,’ by S. M. Cadwell, R. A. 
Merrill, C. M. Sloman, and F. L. Yost, Industrial and Engineering 


Chemistry, Analytical Edition, vol. 12, January, 1940, pp. 19-23. 

4 “Rubber in the Automotive Industry,”’ by S. M. Cadwell, R. A. 
Merrill, C. M. Sloman, and F. L. Yost, Industrial and Engineering 
Chemistry, vol. 33, March, 1941, pp. 370-374. 
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stants of the Buna-S stock are sufficiently large to prevent com- 
plete relaxation within the vibration period of the machine which 
operates at 400 cycles per min. The minimum fatigue life is 
seen to occur at positive values of the minimum static strain suf- 
ficiently large to prevent formation of the dynamic loop. Other- 
wise stated, the minimum fatigue life appears to occur for the 
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condition where the minimum dynamic strain is equal to the mini- 
mum static strain. A general conclusion of this type is, of course, 
not justified in view of the limited number of data here presented. 
Nevertheless, it is clear that the fatigue life is not uniquely deter- 
mined by the value of the minimum static strain at a fixed strain 
amplitude in this important but more complex system. — It is also 
clear that the existence of permanent set in the test pieces does 
not directly explain the results. The permanent set, measured 
on the broken test pieces, ranged from 4 to 8 per cent, whereas 
the fatigue life minimum occurred at about 35 per cent. 

In conclusion, the results presented here are not in disagree- 
ment with those of Dr. Yost’s paper. They simply constitute 
an extension of the conclusions of his paper to include the case 
where static and dynamic values of the minimum strain are not 
identical. 


Calculation of Load and Stroke in 
Oil-Well Pump Rods 


By B. F. LANGER! ano E. H. LAMBERGER,? EAST PITTSBURGH, PA. 


The sucker-rod pump as used in oil wells is treated as a 
problem in the longitudinal vibration of bars. Solutions 
are obtained for the forces and motions at both ends of 
the rod string, thus giving formulas for the calculation 
of polished-rod load and plunger travel. The results of 
the calculations are compared with test results. 


NOMENCLATURE 
The following nomenclature’ is used in this paper: 


A or Apr = area of rod cross section 
Aj,2,3 = area of rod cross sections in stepped strings 
Ao = area of fluid cross section = net area of plunger 
A,r = area of cross section of tubing wall 
a = velocity of sound in rod 
ag = velocity of sound in fluid 
b = subscript referring to buoyant force 
C\,2,...8 = constants of integration 
c = a damping constant = force per unit length of rod 
per unit velocity 
D = effective diameter of plunger 
E = Young’s modulus of rod material 
Eo = Young’s modulus of fluid column 
EPS = effective plunger stroke 
e = base of natural logarithms 
g = acceleration of gravity 
K, = factor for calculating rod acceleration force (refer to 
Equations [3] and [3a]) 
K, = factor for calculating damping factor (refer to Equa- 
tion [8]) 
L = total length of rod string 
Li,2,3 = lengths of rod sections in stepped strings 
N = strokes per second 
ge 
n = damping constant = OAs 
P = force in rod 
PPRL = peak force at polished rod 
Py = static polished-rod load during upstroke 
Py = static polished-rod load during downstroke 
Pp = force at plunger 
p = 2 X undamped natural frequency of rods 
pi = 2x X damped natural frequency of rods 
factor for calculating plunger travel (refer to Equa- 
tion [2]) 
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R, = a symbol (refer to Equation [3]) 
r = ratio between pumping frequency N and undamped 
natural frequency of rods 
S = polished-rod stroke 
Sp = plunger stroke 
s = number of a term in an infinite series 


t = time 
u = vertical displacement of a point from its neutral 
position 


= one-half of plunger stroke 
Wo = weight of full height of fluid column on net area of 
plunger 
Wer = weight of rod string 
Wop = differential fluid load = change in plunger force at 
end of stroke = load due to net fluid head on full 
area of plunger 


Wo, = weight of fluid above casing fluid level on net plunger 
area 

Wo: = weight of fluid below casing fluid level on net plunger 
area 


Wr: = weight of rods above casing fluid level 
W kr: = weight of rods below casing fluid level 
W rw» = buoyant force on rods above casing fluid level 
W rs» = buoyant force on rods below casing fluid level 
x = distance of a bar cross section from the end 
a = a symbol (refer to Equation [2]) 
8 = a symbol (refer to Equation [2]) 
4nL 
ra 
6 = weight of rod material per unit volume 
5, = effective density of rod material = 6 corrected for 
weight of couplings, etc. 
59 = weight of fluid per unit volume 
@ = phase angle of plunger relative to polished rod 
¢: = phase angle (refer to Equation [3]) 
¢ = unit elongation of rod material 
w = angular velocity of crank, radians per sec 


y = a damping constant = 


INTRODUCTION 


In order to make safe and economical applications of oil-well 
pumping equipment it is necessary to be able to predict with rea- 
sonable accuracy the force that will be required to move the sucker 
rod up and down and the amplitude of the plunger displacement 
at the pump. The formula for peak force at the polished rod 
which is now in common use is that recommended by the Ameri- 
can Petroleum Institute (A.P.I.),4 which is 


1+ SN 
PPRL = (Wp -+ Wo) Fg 


where PPRL = peak polished-rod load, Ib 


Wr = weight of rod string, Ib 

Wo = weight of fluid = 0.34D?L 
D = effective diameter of plunger, in. 
S = length of polished-rod stroke, in. 


4“A.P.I. Specifications for Rating of Pumping Machines,” A.P.I. 
Standards No. 11-E, fourth edition, August, 1941. 
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An improved formula has been suggested by Kenneth N. Mills.® 
Its advantage over the A.P.I. formula is that it brings in dynamic 
effects as the square instead of the first power of the speed, which 
is more nearly the case; it is 


depth of pump, ft 
strokes per min 


PPRL = W Ww (: ) 
The symbols are the same as in the A.P.I. formula. 

Both formulas were designed to be simple in application and 
to represent the average of a large variety of pumping conditions. 
Since they take no account of such important factors as fluid 
level and the natural frequency of the rod string, they must be 
expected to be seriously in error when used for the more severe 
pumping conditions. 

Theoretical approaches to the problem have been made by E. 
Kemler® and R. W. Rieniets.?/ Kemler set up the differential 
equations for the subsurface equipment (rods, tubing, and fluid) 
and used an electrical model to solve typical problems. Rieniets 
attempted to calculate the plunger travel by considering the 
sucker rod as a system with one degree of freedom. 

In the present paper the authors consider the sucker-rod pump 
as a problem in the longitudinal vibration of bars. The fluid load 
is considered as a constant force suddenly applied to the plunger 
at the bottom of the stroke and suddenly removed at the top, 
plus the additional force during the upstroke required to accelerate 


5 “Factors Influencing Well Loads Combined in a New Formula,” 
by K. N. Mills, Petroleum Engineer, vol. 10, April, 1939, pp. 27-28. 

**‘An Investigation of Experimental Methods of Determining 
Sucker Rod Loads,’’ by Emory Kemler, Trans. A.I.M.E., vol. 118, 
1936, pp. 89-99. 

7“Plunger Travel of Oil Well Pumps,”’ by R. W. Rieniets, A.P.I. 
Drilling and Production Practice, 1937, pp. 159-178. 
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the fluid column. The justification for this method of analysis 
was found in the results of actual tests. In these tests, the 
effect was found of changing the important variables of a well 
one at a time, so that the effect of each variable could be studied 
by itself. Simultaneous records were obtained from magnetic 
strain gages located in the string of rods at the bottom, center, 
and top, as well as various points on the surface equipment, as 
shown in Fig. 1. Such records were not available to any previous 
investigators. 


DEVELOPMENT OF FORMULAS 


Forced Vibrations of Rods. The first problem to be solved is 
that of a long rod immersed vertically in a viscous fluid, with the 
top end of the rod constrained to move up and down with a 
harmonic motion. For the present we shall consider no forces 
acting on the bottom of the rod. 


Let x = distance of a point from top of rod 
u = vertical displacement of any point from its neutral 
position 
« = unit elongation of rod material 
4 = area of rod cross section 
E = Young’s modulus of rod material 
5 = weight of rod per unit volume 
P = force in rod 
c = damping constant, force per unit length of rod 
per unit velocity through fluid 
L = length of rod 
S = polished-rod stroke 
Sp = plunger stroke 
w = angular velocity of crank, radians per sec 
t = time 
g = acceleration of gravity 
Motions and forces are considered positive when upward. 


Aédz 0? 
The inertia force of an element of tod = — — —, 
g ol? 
The tensile force across any section = AKe; bute = =. 
4 at 
| 
x 
In 
dx 
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Therefore at section m (see Fig. 2), P = AE 9 
oz 
The net tensile force on an element = dP = AE a dz. 


The damping force on an element = —c * dz. 


The constant force due to the pull of gravity will be left out of 
the equations; it is more convenient to add it on after the solu- 
tion has been completed. 

The equilibrium condition for vertical forces on an element 
gives the equation 


—Aéb d*u du 


of 


ent 
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This can be simplified by letting 


ge 


E 
a? = and 2n = AB 


It should be noted that a is the velocity of sound in the rod. 
Then 


fo) 
— +2n ——a? — =0.............. [I] 


Equation [1] is the fundamental differential equation for the 
longitudinal vibration of a rod in a viscous fluid. The first prob- 
lem is to find a steady-state solution of this equation for the 
following end conditions: 


S 
Atz=0,u = 


re) 
Atz = L, P = 0, which means that = = 0. 


The method of solution is similar to that used for the forced 
lateral vibration of a string in a viscous medium.* It has been 
omitted from this paper for the sake of brevity. We are inter- 
ested in the plunger stroke and the polished-rod load. The 
plunger stroke is u at z = L and is given by the expression 


where 


1 
R= \; (cosh 28L + cos 2aL) 


tan ¢ = —tanh BL tan aL 


4nL 
ra 
This gs a damping factor. 
2wL 
ra 


This is the ratio between the pumping frequency and the un- 
damped natural frequency of the rod string. 

Examination of Equation [2] shows that 1/R is a magnification 
factor and gives the ratio between plunger stroke and polished- 
rod stroke for zero fluid load. Term ¢ is a phase angle and shows 
how much the plunger lags behind the polished rod in phase. 
Fig. 3 shows 1/R plotted against r for different values of y. 
The calculation of plunger travel for actual cases will be discussed 
later. 

The polished-rod load for zero fluid load is the static weight of 
the rods plus P at z = 0. 


Atz =0 
AESRyar *| 2 
4L r? a 
where 


28L — cos 2aL 
. cosh 28L + cos 2aL 


*“Theory of Sound,” by Lord Rayleigh, The Macmillan Com- 
pany, New York, N. Y., vol. 1, 1894, p. 192, or later printings. 


Fic. 3. MAGNIFICATION Factor FoR PLUNGER TRAVEL 
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Figs. 4 and 5 show the factor A, = 7 


against r for different values of +. 

If we call Wp the weight of the rod string and 4, the effective 
density, corrected for the weight of the couplings, guides, etc., 
then 


Wr = AL, 


ES 


Effect of Fluid Load. As mentioned, the fluid load will be con- 
sidered as a constant force suddenly applied to the plunger at the 
bottom of each stroke and suddenly removed at the top, plus an 
additional force during the upstroke required to accelerate the 
fluid column. The justification for this assumption is shown in 
Figs. 6 and 7, which are typical oscillograms from the tests. 
Note the rectangular nature of the stress variation at the bottom 
of the rod string in Fig. 6, which shows slow-speed operation. 
From Fig. 7 which shows faster operation, it is apparent that the 
acceleration force becomes appreciable at the higher speeds. 

Thus, we see that the effect of the fluid must be separated into 
two parts, (1) that due to the “differential fluid load,” Wop, 
which is shifted from the tubing to the plunger when the stand- 
ing valve opens and the traveling valve closes at the start of the 
upstroke, and (2) that due to accelerating the fluid column. 

Let us first consider the shifting of the load, condition (1). 
The problem is to solve for the free vibrations of a rod fixed at the 
top, when a constant force is suddenly applied or removed at the 
bottom. This free vibration will then be added to the forced 
vibration expressed by Equations [2] and [3]. 

The differential equation is the same as that for forced vibra- 
tions and is given by Equation [1]. 


and at z = 0 


| | | | | 
|_| | 
| | | 
| | | 
i Wl ~ 
| 
o4 o6 os 1.0 
r 
| 
7 
2 
Y 
r? 
| 


A-4 JOURNAL OF APPLIED MECHANICS 


FREQUENCY RATIO (r) 


Fre. 4 Factor ror Rop-ACCELERATION Forcp 


The end conditions are 
atz =0,u =0 
ou 
"Or 
Assume that at ¢ = 0 the differential fluid load Wop is suddenly 
released. (This happens at the top of the stroke.) Just before 


t = 0 this load had been producing a deflection all along the rod 
given by 


atz = 


AE 
Therefore, another end condition is 
t@=0,4 = —— 
a ,u AE 


The method of solution is again similar to that used for a 
string and is not given here. The vibration of the plunger is 


8=o 
e=1,3,5,.... 


where 


The force at the polished rod is 


8= 
4W, 1 
— OP (os pit + bed sin nt) [5] 
Pr 
s=1,—3,5,-7.... 


It is interesting to note that the free vibration of the rod is 


FREQUENCY RATIO (r) 


Fie. 5 Facror ror CALCULATING Rop-ACCELERATION ForcB 


not a harmonic motion, but is given by an infinite series. The 
curve of the force at the polished rod plotted against time is not 
a sine wave, but a “square” wave. This square-wave type of free 
vibration shows up very clearly on the oscillograms of polished- 
rod force, Figs. 6 and 7. 

Unless the damping is quite large or the speed is quite low, 
the maximum values of uz and polished-rod force, due to free 
vibration, are double what would be produced by the same load 
if slowly applied. 

The peak force on the plunger during the upstroke is the weight 
of the fluid plus a force necessary to accelerate the fluid column. 
This acceleration force can be calculated with sufficient accuracy 
by assuming that the plunger moves up against an initially sta- 
tionary fluid column with harmonic motion. This is not strictly 
true, of course, but, since this force is a relatively small factor, 
great accuracy is not required. The method of solving for this 
fluid acceleration force is given in Appendix 1. It is shown there 
that the peak force from the plunger necessary to accelerate the 
fluid column is 


WoEoS pw 


where Wo = weight of fluid supported by plunger (full height of 
column on net area of plunger) 
Eo = modulus of elasticity of fluid column 
Sp = plunger stroke 
» = angular velocity of crank, radians per sec 
a9 = velocity of sound in fluid 
L = depth of well 
59 = weight of fluid per unit volume 


Damping Factor. One of the characteristics of a well which 
must be known before using the equations derived here is the 
damping factor y. Strictly speaking, the use of such a factor is 
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correct only if the damping force is proportional to the velocity. 
Actually, we know that the damping of a sucker rod is made up 
of various types of resistance, some independent of velocity and 
some more or less proportional to it. It has been shown,® how- 
ever, that the equations for velocity damping can give good re- 
sults in such a case if an “equivalent damping factor” is used, 
which causes the same amount of energy to be absorbed per 
cycle as is absorbed by the actual damping forces which exist. 
This equivalent damping factor depends upon amplitude and 
frequency, so on a given well it is not the same for slow and fast 
pumping. 

One accepted method of measuring the damping of a system 
is to compare the amplitudes of successive periods of a free oscilla- 
tion. Several records of the free oscillations of the rods following 


* “Steady Forced Vibration as Influenced by Damping,” by L. 8. 
Jacobsen, Trans. A.S.M.E., vol. 52, 1930, paper APM-52-15. 
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an impact were obtained but were not found to give accurate 
values of y. The objection to this method of determining y is 
that the measurement is not made at the same rod velocity as 
that which occurs while pumping. As mentioned, when the 
friction is not proportional to the velocity, the correct value of 
equivalent damping factor is dependent upon amplitude and 
frequency. 

The best method of measuring y is a direct measurement of the 
energy absorbed by the rods during each cycle. This can be 
obtained by taking a dynagraph card while operating the rods 
up and down without any traveling valve in the pump or by 
subtracting the energy per cycle measured by a bottom-hole gage 
from that measured by a gage at the top during normal operation. 
Table 1 shows values of y measured both with and without the 
traveling valve in the plunger. The method of converting the 
value of energy into a value of y is as follows: 


4 
ZERO 
LOAD ORQUE:; “ — 
\ \ 
/ nye / 
s000 J can 
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TABLE 1 VALUES OF DAMPING FACTOR, y,* CALCULATED 
FROM MEASURED ENERGY ABSORPTION 
Normal Strokes Values of y Values of y 
stroke per determined with determined without 
length, in. minute traveling valve traveling valve 
24 10 0.41 Mc 
16 0.26 ‘ni 
24 0.19 
30 0.16 we 
34 10 0.27 ws 
16 0.20 
24 0.17 
30 0.16 
44 10 0.21 0.25 
16 0.19 0.18 
24 0.15 0.13 
30 0.15 0.14 
54 10 0.21 
16 0.19 
24 0.15 
30 0.15 


* For critical damping, y = 2. 


The force at the polished rod is given by Equation [3]. The 
motion of the polished rod is cos wt and its velocity is _; 
w sin wl. Therefore, the rate of work at the polished rod is 
The work done per cycle is the integral of this rate 


We find it to be 


4 
wAES? \ Rixr y?\ 8 
-( 4L )( + sin (« + arctan (7) 


Fig. 8 shows the quantity 


in sin wt 
—— 
2 


from wt = Oto wt = 2x. 


Work per cycle = Pout 


By using Fig. 8 and 


plotted against + for different values of r. 
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Equation [7], any measured value of work per cycle may be con- 
verted into the corresponding value of + for a known set of condi- 
tions. 

Natural Frequency of Rods. In using the foregoing formulas it 
is necessary to calculate r, the ratio between the pumping fre- 
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quency and the lowest natural frequency of the rods. For a 
smooth rod, r is as given in Equation [26]. 

An actual sucker-rod string, however, is not smooth since the 
joints are rather abrupt changes and add to the mass of the rod, 
but have very little effect upon the stiffness. The easiest way to 
bring this into the calculations is to increase the value of 5, the 
density of the material, to a higher value 4,, where 


Actual weight of rod string 
Weight of smooth rod without joints 


5, = 


For a stepped string, in which larger rod sizes are used at the 
top than at the bottom, the natural frequency is higher than for a 
uniform string of equal length. 

Let Ly, Lz, Ls be the length of string having cross-sectional areas 
A;, As, As, respectively. Length Z, is the top section, Z, the 
middle section, and L; the bottom section. 

Let p = 2x X the lowest natural frequency of the rod string. 
This is a quantity which corresponds dimensionally to w, the 
angular velocity of the crank. 

The quantity p can be found from a trial-and-error solution of 
the equation 


A L L 
— tan = + t = 
Ag a a A t pL; {10} 
Ay ply pL. Ay a 
— (en tan 
a a 


The derivation of this expression is given in Appendix 2. 
If only two sizes of rod are used, this equation reduces to 


pl, A, 


ftan 


and for a single size of rod it reduces to Equation (20). 
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Static Loads. The formulas given are all for the calculation of 
dynamic effects. The major part of the polished-rod load is 
usually due to the static weight of the rods and fluid, so the static 
loads should be considered carefully. Fig. 9 shows the essential 
parts of a simplified well. The tubing is full of fluid and the 
casing fluid level is as indicated. The tubing is shown with the 
same diameter as the plunger. Actually the tubing is larger 
than the plunger, but this does not affect the calculations. The 
important part of the fluid column is that supported by the net 
area of the plunger. Any additional fluid is supported by the 
tubing itself and does not enter into the calculations for rod 
forces. 


2 r? a 
= + + + { 
| | | | 
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Let Wr = weight of rods above casing fluid level 
Wr: = weight of rods below casing fluid level 
Wo, = weight of fluid in tubing above casing fluid level 
Wo, = weight of fluid in tubing below casing fluid level 


Subscript b refers to buoyant force. For example Way» = 
buoyant force on length of rod which extends above casing fluid 
level. 

During the downstroke, the static load on the polished rod is 


Ps = Wr + Wr = W rw W rw 
During the upstroke, the static load on the polished rod is 
Py = Wr +. Wr + Wo, Wo. W row W oa 


But 
W or = W oon and Wr + W ro = Wr 


therefore 


Py = We + Woi— Wap... 


For interpreting records from bottom-hole gages, we wish to 
know the differential fluid load, which is the actual change in 
plunger force which occurs at each end of the stroke. 
this differential fluid load Wop, then 


If we call 


Woo Py Pp Wo W ri. [13] 


It is interesting to note from Equation [13] that the differ- 
ential fluid load is the weight of a column of fluid whose cross- 
section is the full plunger area and whose height is the distance 
from the casing fluid level to the surface. 

Stretch of Tubing. In wells where the tubing is not anchored 
near the pump, there may be some effect due to the elasticity of 
the tubing. The only variation in the force on the tubing is 
the addition of the differential fluid load Won at the start of the 
downstroke and its removal at the start of the upstroke. The 
stretch produced in the tubing by Wop statically applied is 


where Ay = area of cross section of tubing wall. 


Since this load is applied suddenly, free vibrations occur and 
the maximum stretch of the tubing at the pump is 


2WooL 
ArE 


Calculation of Peak Polished-Rod Load. From the analysis 
given in this paper it is possible to develop a formula for calculat- 
ing peak polished rod force. It is made up of the sum of several 
quantities. 


1 Static load (see Equation [12]): Wr + Wo. — Wer» 


2 Force to accelerate rods (see Equation [3a]) 


ES 


3 Force to accelerate fluid (see Equation [6]) 


Ww 
°\ 


4 Because of free vibrations, the effect of a force on the 
plunger is doubled when it reaches the polished rod. These 
forces are already contained once in the foregoing list. In order 
to double their effect, they must be added in again. They are: 

(a) Differential fluid load (see Equation [13]) 


Wo + Wrw 


(b) Force to accelerate fluid 


Ww (Fete ) 
2agLig 


The sum of these quantities is the peak polished-rod load 
=) 
PPRL = W Ww 
+ 2Wo + Wa» — 


But Wr» + Wr» = Wry = buoyant force on full rod string 
Wo: + Wrw = differential fluid load = Wop 
Then 


ESK, 
PPRL = W 1 > W — 


+ — Wro........ [14] 


where dimensions are expressed in inches, pounds, and seconds. 

Values of K, are given in Figs. 4 and 5. 

It should be remembered that these formulas give an upper 
limit for polished-rod force, which will be higher than the actual 
value that will usually occur. Actually the peaks from the 
various dynamic effects will not occur simultaneously, as has 
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been assumed previously. The addition of the actual stress waves 
is possible but too laborious to be used frequently. Fig. 10 
shows an example in which the stress waves were calculated and 
added in true phase relationship and are compared with test re- 
sults. 

Calculation of Plunger Travel. In calculating the plunger travel 
we can make use of Equation [2] and then subtract the ampli- 
tude of free vibration produced by the fluid load. For plunger 
stroke we get 


Sp = {15] 


Values of 1/R are given in Fig. 3. 

If the tubing is not anchored and we wish to know the relative 
motion between the plunger and the pump barrel, then the effec- 
tive plunger stroke is 


S 2Wook 1 1 
R E 


EPS = ~ — 
a 


where A7 = cross-sectional area of tubing wall, and dimensions 
are inches, pounds, and seconds. 
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Simplified Formulas for Field Use. When making calculations 
in the field, it is not convenient to use the formulas just given. 
It is possible to simplify those formulas for use over a limited 
range of conditions by assuming no damping in the rod string 
(y = 0). The authors did this and at the same time modified 
the constants to make the calculated results agree more closely 
with the test results. The “field formulas” thus derived will be 
given. They agree with test results more closely than the com- 
plete formulas in the range which the tests cover but must be 
used with caution for abnormal conditions. 


PPRL = Wr— Wr, + Wop + 45SN 
(0.002LN)° + Aol........ [16] 


S WooL | 1 1 
EPS = - — — |....[17 
cos (0.002LN)° 24(10°) A 
where dimensions are inches, pounds, and seconds. 


APPLICATION OF FORMULAS 


The value of any formula is, of course, determined by its close 
prediction of values that will occur in actual operation. It is 
very important, however, that all conditions pertinent to the 
accurate prediction of actual loads be known during any con- 
firming tests made and be represented in the formula. Also any 
simplification of a complete formula must include compromises, 
which necessarily requires caution when applying such a simpli- 
fied formula to abnormal operating conditions. 

Comparisons are here made with actual test results and with 
calculations made for several conditions not covered by tests. 

Description of Field Tests. In order to determine how pumping 
loads varied with one change in operating condition, with all 
operating conditions known, an exhaustive set of tests was made 
co-operatively on one well by the Phillips Petroleum Company, 
the Sargent Engineering Corporation, and the Westinghouse 
Electric & Manufacturing Company.'® The well was located on 
the property of the Phillips Petroleum Company in Oklahoma 
City, Okla. The well was specially selected. It was an aban- 
doned, “dead” well, quite straight, quite constant as to casing 
fluid level, with fluid being chiefly salt water (specific gravity 
1.04) with only a trace of oil. The tests were conducted in such 
a way as not to disturb the fluid level to any appreciable degree. 

The layout of the test well, indicating the locations of the test 
devices, is shown in Fig. 1. With very little exception, standard 
surface and subsurface equipment was used throughout. Mag- 
netic strain gages were located at eight points, distributed from 
the bottom of the rod string to the low-speed shaft of the gear 
unit. Most of the test devices were specially built, installed in 
operating units, and calibrated at the factory. Fourteen simul- 
taneous records of load, speed, displacement, and power were 
obtained by oscillographs. A mechanical dynamometer, as well 
as one of the magnetic-strain-gage type, was used on the polished 
rod. Pump-plunger loads and strokes were measured by a Sar- 
gent pump dynagraph. 

Tests were made under a variety of operating conditions, in- 
cluding three prime movers, rotary and beam counterweights, 
three plunger sizes, and two sizes of tubing, at four different 
surface strokes and four speeds. 

Comparison of Calculated With Actual Peak Polished-Rod Loads. 
Figs. 11 and 12 compare values of peak polished-rod loads, calcu- 
lated by the complete (Equation [14]) and field formulas (Equa- 
tion [16]), respectively, with actual test values. The field for- 
mula gives results which are equal to or greater than actual 
values at the high speeds but are somewhat lower at the low 


10 “Oil Well Tests Suggest New Rating Standards,”’ by H. E. 
Dralle and E. H. Lamberger, Oil and Gas Journal, November 6, 1941, 
pp. 98, 101, 102, 104, 107, 108, and 110. 
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speeds. The results obtained from the complete formula are some- 
what lower than actual values: at the higher speeds and 
somewhat high at the lower speeds. The high values at the low 
speeds obtained from the complete formula result from the as- 
sumption that the fluid load is suddenly applied, while actually 
at the low speeds the load assumption by the plunger is no doubt 
gradual. While there is a difference in degree of slope of the 
two sets of calculated results, it is important to note that the 
deviation of either calculated curve, for any stroke length, from 
the corresponding curve of actual results never exceeds 10 per 
cent. 

Fig. 13 compares values calculated by the field formula with 
test results for two different plunger sizes and a third plunger 
with the traveling valve removed. Here again, deviations of the 
calculated curves from the curves of actual values approximate 
10 per cent. 

Comparison With Existing Formulas for Peak Polished-Rod 
Load. While many formulas have been proposed for calculating 
peak polished-rod load, two commonly used formulas mentioned 
previously in this paper are: 

1 The American Petroleum Institute formula 


1+ SN 
L=(W 
PPRL = ( +8 


2 The Mills formula 


} 
| 
| 
1 
4 
¥ 
{ 
. 
= 


4 
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PPRL = Wo + Wel 1 + 
70,500 


Fig. 14 affords a comparison of these formulas with actual 
values and with the new formulas proposed herein. It is apparent 
that neither of the existing formulas predicts an increase in load 
with increase in speed which is as great as the actual rate of in- 
crease. The increase obtained with the Mills formula is more 
nearly correct than that obtained with the A.P.I. formula, be- 
cause the Mills formula includes a factor for varying the force 
caused by rod acceleration as the square of the pumping speed. 
Mills ignores the fluid-acceleration force as negligible. It is 
practically negligible for the conditions indicated for Fig. 14, 
= for larger sizes of plunger this factor does become appreci- 
able. 

Both of these formulas assume a fluid head equal to the full 
depth to the pump, whether or not this is actually the case. In 
spite of this assumed greater than actual load, both formulas still 
give values below actual ones at all speeds in Fig. 14. The effect 
of this assumption on the load predicted is illustrated by the 
difference between the two curves calculated by the proposed 
field formula; one based on actual conditions ( C), the other as- 


suming the casing liquid level at the pump (D). It is evident 
that, if the true liquid level were used with the existing formulas, 
the margin by which they fall short of predicting the actual load 
would be increased considerably. 

Effect of Variation in Some Operating Conditions on Peak 
Polished-Rod Loads. While a wide variety of operating condi- 
tions were covered in the tests made, the tests were limited to a 
single well, and the range of conditions by no means included all 
possible variations encountered in actual practice. The question 
naturally arises how accurately the proposed formulas would 
predict loads and displacements for conditions other than those 
covered in the tests. While no comparison with actual results is 
available, calculations have been made for a few conditions. 
They do afford a comparison between the various formulas and 
aid in establishing the limits of applicability of the simplified 
field formula. 

The Effect of Stepped String on Peak Polished-Rod Loads. The 
difference in natural period of a stepped-rod string as compared 
to a uniform-rod string is reflected in the magnitude of the force 
due to rod-string acceleration. Equation [10] gives the formula 
for calculating the natural frequency of a three-stepped string (a 
string using three rod sizes) and Equation [11] gives the formula 
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(7/s-in. and 4/s-in. rods; 1'/«in. plunger; 42.6-in. polished-rod stroke; 
20 strokes per min.) 


for calculating the natural frequency of a two-stepped string (a 
string using two rod sizes). Calculations of peak polished-rod 
loads involving natural frequency of the rod string must be 
made according to the complete formula, as the simplified field 
formula eliminates this refinement. 

Fig. 15 shows results calculated for a two-stepped string, for 
any proportioning of the two sizes of rods, using both the true 
natural frequency from Equation [11] and the natural frequency 
of a uniform string. The greatest variation occurs with equal 
length of the two rod sizes. With a 3500-ft string and a 2250-ft 
fluid head, the total peak polished-rod load based on the natural 
frequency of a uniform string is only 3 per cent above the total 
load calculated by using the natural frequency of the stepped rod 
string. For a 6500-ft string with a 4500-ft fluid head, the differ- 
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ence is 4.5 per cent. Similar calculations made for a 6500-ft 
string with three steps of rod sizes, */, in., 7/s in., and 5/s in., of 
equal length, and with operating conditions the same as indicated 
in Fig. 15, for the 6500-ft string with 4500-ft fluid head, give peak 
polished-rod loads which differ by 7.7 per cent. This indicates 
even greater differences for an increased number of steps. How- 
ever, for present well depths, rod strings with more than three 
steps are unusual. 

In all cases, the results using the natural frequency for a uni- 
form rod string are greater than those obtained when using the 
stepped natural frequency. Thus, calculations neglecting the 
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stepped frequency and using the frequency of a uniform string 
will give results which form a safe basis of application. 

Effect of Well Depth on Peak Polished-Rod Loads. In eliminat 
ing the consideration of the damping factor in the field formula, 
limitation in application of this formula is introduced. Fig. 16 
shows peak polished-rod loads calculated by both formulas for 
three well depths, namely 7500 ft, 5500 ft, and 3500 ft, over a 
range of pumping speed from 10 to 30 strokes per min. 

Calculations by field formula for the 7500-ft well at 30 strokes 
per min result in a load approaching infinity. This should be 
the case, since 30 strokes per min pumping with this length of rod 
string closely approaches a resonant condition. While such a 
speed with a 7500-ft string would not be attempted in practice, 
it must be recognized that the over-all damping of the well plays 
a very important part in permitting even reasonably high speeds 
with the long strings without resulting in excessive peak rod loads. 
Probably 20 strokes per min pumping with a 7500-ft string would 
not be exceeded in regular practice. Fig. 16 shows that, at this 
speed, the field formula gives a value only 14.3 per cent higher 
than calculated with the complete formula. The difference in 
results of the two formulas reduces quite rapidly so that, at 18 
strokes per min, the load by field formula exceeds that by com- 
plete formula by only 6.5 per cent. With the 5500-ft string, 
loads calculated by the field formula are finite at even 30 strokes 
per min, though they are considerably greater, as is to be expected, 
than values calculated by the complete formula. At practical 
pumping speeds, the differences between the two sets of results 
are of approximately the same percentage as for the 7500-ft 
string. 

For a 3500-ft string, both formulas agree quite closely with 
actual test values over the entire range of speeds from 10 to 30 
strokes per min. Actual test results with a 4500-ft string of rods, 
and with other conditions as indicated in Fig. 16 for the 3500-ft 
well, were obtained at a few speeds. At 16.5 and 24 strokes per 
min, the values calculated by field formula were, respectively, 8 
per cent below and 3.5 per cent above actual test values. 

In using the complete formula to derive the curves shown in 
Fig. 16, it was of course necessary to determine values of damping 
factor for the long rod strings. This was done by increasing 
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values determined by test for the 3500-ft string in proportion to 
the increase in string length, in accordance with Equation [2a]. 

Plunger-Stroke Comparisons. Fig. 17 affords a comparison 
between test results and values calculated by both the complete 
(Equation [15a]) and the field formulas (Equation [17]) for 
plunger strokes proposed in this paper. As the complete for- 
mula gave results which seemed to be consistently lower than 
test values, modifications were incorporated in the field-formula 
which raised the values to make them more closely agree with the 
actual results. These modifications were made in the constants 
in that part of the formula which corrects for rod and tubing 
stretch. This method tends to result in a constant difference be- 
tween curves at normal speeds. At speeds which are high for any 
string length, the first term of the field formula, involving the 
expression cos (0.002 LN)” in the denominator, will obviously 
digress widely from the first term of the complete formula, the 
denominator of which is the factor R. Since this factor R de- 
pends upon the value of the damping factor, it is obvious that, for 
abnormal combinations of string length and speed of pumping, 
it is necessary to use the complete formula. This is further 
illustrated in Fig. 18, which compares values calculated by the 
two formulas for three different well depths over a pumping-speed 
range from 10 to 30 strokes per min. This figure also shows re- 
sults calculated by Rieniets’ formula,’ for the 3500-ft well. 


SUMMARY AND CONCLUSIONS 


Peak polished-rod loads and effective plunger strokes in an oil 
well can be ealeulated by using the following formulas: 
1 Complete formula for peak polished-rod load 


ESk, E,wsS p | 
PPRL = Ww 1 + Wy + 2W 
e| 7 | 


2 Field formula for peak polished-rod load 
PPRL = Wp — Wr + Wop + 0.75SN[17A, tan (0.0004LN) 
+ Ao} 
3 Complete formula for effective plunger stroke 


S MLWor| 1 1 
EPS = 
R E a 


1 Field formula for effective plunger stroke 


| 
cos (0.0004LN) ° 2(10%) Ar 

The strokes and areas are expressed ininches, forces, and weights 
in pounds, the well depth L in feet, and the pumping speed N in 
~trokes per minute. These dimensions are commonly used in the 
oil fields. Values of K, are found in Figs. 4 and 5, and values of 
|/R are found in Fig. 3. 

The results calculated by the toregoing formulas agree closely 
with test values obtained from a comprehensive test program, 
carefully carried out on a single well. It is believed that data 
determined by tests made with similar care on wells at other 
depths, or under other operating conditions, will also closely agree 
with caleulated values. Such comparisons are invited. 
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Appendix | 
ACCELERATION OF FLUID COLUMN 


We wish to find the force exerted by the plunger on the fluid 
column, if the column starts from rest and the plunger moves up 
Sp 
with a motion represented by the function = (1 


— cos wt). 


We are interested only in the first half cycle of plunger motion. We 
may consider the fluid column as a rod supported at the bot- 
tom, Fig. 19. Let the symbols be the same as given in the 
nomenclature and throughout the paper, except that the sub- 
script O will refer to physical constants of the fluid column. At 
r=0 


COs wt) 


This motion starts a compression wave moving up the column 
which travels with a velocity a7. Therefore at z = z 


S 

u = 1— cose (: *)] 
2 a 
Ou Spw . 2 
Ox 2a9 ao 


The first reflection of this strain wave is from the open top end 
and is 


third reflection 


fourth reflection 


( 
—— sinw | t — 
do 


At the plunger « = 0 and the force is 


AH J 


We are interested in the maximum value of this expression 
during the interval 0 < t<x/w. This depends upon how many 
reflections have time to return to the plunger from the top of the 


q 
x=x 
Sp 
Spo . ( — *) 
—— 
2ay ao 
The second reflection is from the fixed bottom and is 
2a9 ao 
ao 
a -sin (—1 
3 4 ) f 
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well. The first reflection arrives at ¢ = 2L/ag and the next at 
t= 4L/ap, ete. If 2L/ag > w/w, no reflections reach the plunger 
at all during the upstroke. If 4L/ag > /w, only the first reflec- 
tion reaches the plunger, and since this is opposite to the initial 
wave, it decreases the force. Therefore if 4L,/ag > w/w the 


maximum possible foree is hte . Since Wy = Aoldg, this 
W oS 

ean be written eee . For the test well, with a depth of 
2aoLéo 


3500 ft, 4/ag = x/w at about 10 strokes per min, and the operat- 
ing range was 10 to 30 strokes per min. Therefore, the reflec- 
tions need not be considered in calculating the peak plunger force. 
For deeper wells, the speed would have to be even lower than 10 
strokes per min before the reflected waves would increase the 
plunger force. 


Appendix 2 


Natural Frequency of Stepped Rods. ¥or considering the effect 
of changes in cross section on the natural frequency, it is not 
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Fie. 20 THrex-Ster Rop Strine 
necessary to consider damping. The differential equation of the 
system, shown in Fig. 20, is Equation [1] with n = 0, or 
07u 
ot? ox? 


Assume a solution of the form u = X(C; cos pt + C2 sin pt). 
Substituting this in Equation [18], we obtain a differential equa- 
tion in X and z, the solution of which is 


zr 
For0 <z2< 
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For Ly < 2 < Ly + Ly, X = C,008 — + (20) 
a 


For Ly + < In + X = Creos™ + Cysin 
The end conditions are 
atz =0,u =0 


at = + L, Ls, = 0 
ox 


atx = Ly, u from Equation [19] = u from Equation [20] 


at z = L, + In, u from Equation [20] = u from Equation [21] 
re) ou 

at z = hl, Ai = from Equation [19] = A, | — ] from 
or or 


Equation [20] 


LI, + Ia, A: from Equation [20] = Az; (=) 
ox or 


at z = 


from Equation [21] 

These six end conditions, when substituted into Equations 
[19], [20], and [21], result in a set of equations from which the 
following expression can be derived 


L 
= tan 
A, a a A» pL; 
tan 


This is the “frequency equation” for the string with three rod 
sizes. 

If L; = 0, the right side of Equation [22] becomes infinity, 
which requires that the denominator of the left side = 0, then 


pla _ 
a Ay 


ply 


tan tan 


This is the “frequency equation” tor the string with two rod 
sizes. 


L 
If Le = = 0, tan 9 pl = 
a a 2 
or 
{24} 


from which we obtain the well-known result that the lowest natu- 
ral frequency of a uniform rod fixed at one end is 2/41). 
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The Distribution of Strains in the 
Rolling Process 


By C. W. MacGREGOR? anno L. F. COFFIN, JR..2 CAMBRIDGE, MASS. 


A series of experiments are described in which the com- 
plete strain distributions are given for copper bars rolled 
with a varying number of passes in different directions at a 
reduction of 20 per cent per pass. The effects of different 
rolling sequences on the strain patterns are described. 
Numerical values are reported, showing that alternate 
passes in different directions produce much less distorted 
networks, as compared to the cases of rolling in the same 
direction for each pass. 
strains ahead of the rolls was demonstrated by the use of a 
brittle lacquer, and comparisons were drawn between 
these and the elastic strains produced in lateral compres- 
sion tests between rollers of the same diameter. 


The presence of tensile elastic 


A LTHOUGIL numerous investigations have been carried out 
ie connection with the rolling process, there seems to be 
very little quantitative information on the complete strain 
distributions in a bar undergoing rolling. This is especially true 
in connection with the effect of different rolling sequences on the 
resulting strain distribution. 

Most of the previous related studies which have come to the 
attention of the authors show the shape of the deformed network 
ruled on the sides of aluminum or lead bars rolled in one direction 
only.4 Although such may exist, no reported investigations 
could be found which showed the strain distributions even 
when rolled in one direction and none which depicted the shape 


1 This paper describes the results of an investigation on the rolling 
of metals carried out at the Massachusetts Institute of Technology 
under the sponsorship of the Rolling of Steel Committee (Plasticity) 
of the A.S.M.E. Funds supplied by the Engineering Foundation. 

* Professor of Applied Mechanics, Massachusetts Institute of 
Technology. Mem. A.S.M.E. 

‘Instructor in Mechanical Engineering, Massachusetts Institute 
of Technology. Jun. A.S.M.E. 

‘A partial list of these is as follows: 

‘Die Fliesslinien des Walzvorganges,”’ by L. Weiss, ittedlungen 
der deutschen Gesellschaft fiir Metallkunde, Heft 8, Aug., 1928, p. 302. 

“Plasticity,” by A. N&dai, McGraw-Hill Book Company. Ine., 
New York, N. Y., 1931. 

“New Theories on Hot Mill Deformations, Obtained by Experi- 
mental Rolling,”” by W. Trinks, The Blast Furnace and Steel Plant 
edition of Steel and Iron, vol. 49, Mar. 1, 1915, pp. 276-277. 

“‘Experimentelle Untersuchungen tiber den Materialfluss beim 
Walzen,”” by N. Metz, Archiv. fiir das Eisenhiittenwesen, vol. 1, 
Sept., 1927, pp. 193-204. 

“Untersuchungen iiber den Forminderungsverlauf bei Technischen 
Formgebungsverfahren,”’ by E. Siebel and H. Huhne, Witteilungen 
aus dem Kaiser-Wilhelm-Institut fiir Eisenforschung, vol. 13, 1931, 
Lief. 3, pp. 43-62. 

“Analysis of Factors Influencing Rolling Pressure and Power Con- 
sumption in the Hot-Rolling of Steel,’’ by S. Ekelund, Steel, vol. 93, 
Aug. 21, 1933, pp. 27-29; Aug. 28, 1933, pp. 44 and 46; Sept. 4, 1933, 
pp. 38 and 40-41; Sept. 11, 1933, pp. 32 and 34; Sept. 18, 1933, pp. 
29-32; Sept. 25, 1933, pp. 71-74; Oct. 2, 1933, pp. 4546 and 48. 

Presented at the Annual Meeting, New York, N. Y., Nov. 30- 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1943, for publication at a later date.  Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 


of the deformed network under different sequences of rolling. 
Also no reference could be found to the use of a brittle lacquer 
to investigate the type of elastic strains ahead of the rolls. 

At the request of the A.S.M.E. Committee on Rolling of Steel, 
several different studies were made of the strain distributions 
during rolling. The effects of different rolling sequences and 
drafts on the strain distributions both during and after rolling 
were investigated. The presence of elastic strains ahead of the 
rolls was demonstrated by the use of “Stresscoat,’’® a brittle 
lacquer. Motion pictures were made during rolling of the flow 
layers produced on highly polished surfaces, of the deformations of 
the networks and circles which were scribed on the sides of the 
bar, and of the cracking of brittle lacquer ahead of the rolls during 
the deformation process. Due, however, to the limitations of 
space, the discussion herein will be devoted mainly to the effects 
of the sequence of the rolling operations on the strain picture at a 
single reduction of 20 per cent per pass.* 


MATERIAL AND EQUIPMENT 


In order to simplify the problem of strain measurements, most 
of the rolling experiments were conducted at room temperature 
on l-in. square bars of commercially pure hard-drawn copper. 
These bars were annealed previous to testing at 850 F for 3 hr, 
followed by a slow furnace cool. While it is felt that the cold- 
rolling of such soft copper bars simulates somewhat the mechani- 
cal conditions existing in the hot-rolling of steel billets, no claim 
is made that exactly similar conditions prevail. 

All rolling experiments were conducted on a 2-high mill having 
plain 6-in-diam rolls. The mill was adapted to these tests by 
introducing a Waterbury hydraulic speed gear between the 
driving motor and the mill in order to slow down the rolling 
operation sufficiently to take motion pictures of the bars during 
the rolling operation. The plastiscope and a 16-mm motion- 
picture camera were set up as described in a former publication’ 
in order to photograph the bars during rolling. 


EXPERIMENTAL PROCEDURE 


Preliminary experiments were made in order to determine the 
sensitivity of the lateral spreading of the bar between the rolls 
to changes in some surface conditions and to try to duplicate as 
nearly as possible the type of spreading present in hot-billet 
rolling. It was found that the surface condition had a con- 
siderable effect on the lateral spreading. Attempts were there- 
fore made to keep the surface conditions the same by using a 
smooth-planed surface produced by a fixed planer feed for all 
bars. Empirical formulas for lateral spreading, used in the 
rolling-mill industry,* gave values of spreading between 0.067 


5 “Brittle Lacquers as an Aid to Stress Analysis,’ by A. V. de 
Forest and G. Ellis, Journal of the Aeronautical Sciences, vol. 7, March, 
1940, pp. 205-208. 

® A more complete report covering the entire investigation will be 
published at a later date. 

7**The Plastic Flow of Metals,’ by C. W. MacGregor, Technical 
Publication No. 1036, Trans. A.I.M.E., vol. 133, 1939, pp. 302-320. 

8 **Roll Pass Design,’’ by W. Trinks, Penton Publishing Company, 
Cleveland, Ohio, 1933, p. 91. Lateral spreading = (0.25 to 0.40) 
Contact length 
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Fig. 1 


SrrREsscoatT CRACKS 


{(a) Elastic Stresscoat cracks for static-compression test of copper bar: load, 3650 lb; roller 6 in. diam. 
1112 annealed mild steel, rolled to 0.84 per cent reduction. (c) Elastic cracks and 


(b) Elastic cracks and flow layers for S.A.E. 
lastic area for static-compression test of copper bar: load, 20,000 Ib; 


roller,6in.diam. (d) Elastie cracks and plastic area for rolled copper bar, 20 per cent reduction.] 


in. per in. and 0.107 in. per in. when applied to the bars tested. 
This compares with 0.075 in. per in. obtained in the preliminary 
tests which indicates some similarity. 

In addition to the nature of the surface, the condition of sur- 
face lubrication is important. For the present tests, no attempts 
were made to study the effects of various lubricants on the 
deformations produced. To reduce these effects on the strain 
picture, previous to each test, both the rolls in the mill and the 
bars themselves were thoroughly cleaned of grease with carbon 
tetrachloride. 

Elastic Strains. In order to study the elastic strains ahead of 
the rolls, two forms of experiments were carried out. 

In the first, the side surfaces of each copper bar were sprayed 
with a thin aluminum undercoat and, subsequently, with Stress- 
coat which is the trade name for a brittle lacquer. The bars 
were then rolled part way through and photographs were taken 
of the strain patterns ahead of the rolls. In some cases, photo- 
graphs were taken both during and after rolling at small and large 
reductions. 

To compare the rolling test with the case of direct compression 
under rolls of the same diameter, copper bars previously sprayed 
with Stresscoat were compressed laterally between segments 
of rollers 6 in. in diam in a hydraulic testing machine. 

Plastic Strains. A series of copper bars 1 X 1 X 12 in. were 
scribed on one side with a network of thin horizontal and vertical 
lines 0.10 in. apart by means of a diamond scriber in a milling 
machine and on the other side with a set of small circles 0.115 in. 


in diam produced by lightly pressing a sharp circular stamp 
into the surface. 

The distances between the network lines were care(ully 
measured with a cathetometer to + 0.0001 in. both before and 
subsequent, to all of the rolling experiments. The diameters of 
the circles were also measured with the cathetometer both before 
and after rolling. After the rolling operation, the deformed 
circles became approximately elliptical in shape and the major 
and minor axes as well as their inclinations to the bar axis were 
measured by rotating the eyepiece of the cathetometer until the 
crosshairs were lined up with the axes of the ellipse. The inclina- 


TABLE 1 SEQUENCE OF ROLLING OPERATIONS 


Sequence no. Bar no Direction of rolling 
1 D-10 
2 D-11 
D-10 —_> 
4 D-11 —_ <— 
5 D-10 > 
6 D-11 —_> <— -> 


@ Twenty per cent reduction per pass. Bars | in. X 1 in. X 12 in.; 6-1n- 


rolls. 
Nore: —~> indicates the direction of one pass. 


tions of the principal axes with the axis of the bar were then 
determined by noting the angle on a protractor mounted on the 
cathetometer eyepiece. 

The sequence of the rolling operations used is given in Table |. 


RESULTS 
Elastic Strains. The results of some of the brittle-lacquer tests 
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Fic. 2(a) Derormep Network Arrer Coprer Bar D-10 


With a 20 Per Centr Repuction; First Pass 


hic. 2(6) DerormMep Arrer ROLLING Copper Bar D-10 
a 20 Per Cent Repuction; First Pass 


are shown in Fig. 1. Figs. 1 (a) and 1 (c) show compression 
tests made on coated bars between 6-in-diam rolls. The load 
in Fig. 1 (a) is 3650 Ib and in Fig. 1 (c) is 20,000 lb. 

An interesting comparison may be made of Figs. 1 (a) and 
1 (c) with the rolling tests included in Figs. 1 (6) and 1 (d), 
respectively. Fig. 1 (6) shows the result of rolling an annealed 
bar of S.A-E. 1112 steel with an 0.84 per cent reduction It will 
be noted that the cracks in the lacquer are similar in form to 
those included in Fig. 1 (a). The flow layers may also be noted 
beneath the lacquer. The elastic cracks ahead of the rolls in 
the case of the copper bar shown in Fig. | (d) for a 19.3 per cent 
reduction may be compared with those in Fig. 1 (c) for the 
roller-compression test. For all of the photographs reproduced 
in Fig. 1, the directions of the principal tensile strains are per- 
pendicular to the cracks shown in the brittle lacquer. Because 
of the nature of the rolling problem, it was not feasible to deter- 
mine the magnitudes of the elastic strains by this method. 

G. Mesmer® has reported somewhat similar patterns for prin- 
cipal stress trajectories produced by two concentrated forces ap- 
plied to the free edges of an elastic strip. 

Plastic Strains. The deformation of the networks and circles, 
scribed on the sides of the bars, is shown in Figs. 2, 3, and 4, for 


* “Plasticity,” by A. Nadai, Loc. cit., p. 252. 


Fic. 3(a) Derormep Network AFTeR ROLLING Coprer Bar D-10 
Wirn Two Repvuctrions or 20 Per CENT IN THE SAME DIRECTION 


hia. 3(6) Derormep Crrctes Arrer Correr Bar D-10 
Wirx Two Repvuctions or 20 Per CENT IN THE SAME DIRECTION 


bic. 3(c) DerormMep Network ArTerR Bar D-11 
Wirn Repvctions or 20 Per Cent tn REVERSED DIRECTIONS 


the sequence of rolling operations described in Table 1. These 
figures are self-explanatory. It will be noted from these illustra- 
tions that the sequence of rolling operations has a pronounced 
influence on the deformation of the scribed networks. Fig. 4 
shows that the distortion of the networks produced by three 
passes in alternate directions is much less than for three passes 
in the same direction. 

The magnitudes of the true strains were calculated from the 
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measurements of the networks and the circles.!° The values of 
the axial, vertical, and shearing strains were computed from the 
networks, while the deformed circles provided directly the in- 
formation necessary to obtain the directions and magnitudes 
of the principal strains. The latter values of course can be 
computed for the vertical plane containing the bar from the net- 
work values by means of the usual strain expressions relating 
principal strains and normal and shearing strains in the x,y plane. 
This was actually carried out also as a check on the « and e 
values. It was found that both methods checked very closely. 

The results of the strain measurements on the bars for the 
sequences of rolling operations given in Table 1 are included in 
Figs. 5, 6, and 7. In all cases, the bars were stopped part way 
through the rolling operation so that measurements along the 
contact area could be obtained. The distributions of the prin- 
cipal strains and shearing strains for the first rolling are shown 
in Figs. 5(a) and (6). The effects of additional passes of 20 per 
cent reduction in the same and in the reversed directions on the 
shearing strains are included in Figs. 5(c) and (d). Figs. 5(e) 
and (f) give the distributions of the shearing strains after three 
passes, each being an additional 20 per cent reduction. In Fig. 
5(e), each 20 per cent reduction was in the same direction while 
in Fig. 5(f) the direction of rolling was reversed after each pass. 

In all of the shearing-strain distributions given in Fig. 5, the 
light lines represent the actual contours of the deformed networks 
and the heavy lines give the magnitudes of the shearing strains 
at the intersections of the lines of the networks, the magnitudes, 
however, being measured from vertical lines of intermediate 
weight. Space did not permit the inclusion in the paper of the 
distributions of the vertical, axial, lateral, and principal strains 
for each case. Similar charts for these values showed no im- 
portant variation of these quantities in the vertical directions. 
The shearing strains showed by far the greatest effect of the 
different rolling sequences. 

It will be noted from these charts that the three alternately 
directed rolling sequences, illustrated in Fig. 5(f), gave a much 


10 The strains were calculated from the following expressions: 


éz = loge Ls €y = loge ty = loge 
Le 
Yry = tan —a), = loge Ly’ €2 = loge 
Aho 
Per cent reduction per pass = ¥ xX 100 


where €z, €y, €2, Yzy, €1 and €2 are the true strains in the axial, vertical, 
and lateral directions, the shear strain and the true principal strains 
in the vertical plane containing the bars, respectively. Terms Lz, Ly, 
L,, In, and Lz represent the final dimensions of the networks or circles; 
Lzo, Lyo, Leo, Lio, and Le represent the original dimensions of the net- 
works or circles; ho is the original height of the bar before the pass; 
a@ is the actual angle between the sides of the deformed square of the 
network. 
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kia. 4(a) Derormep Network ror Coprer Bar D-10 
THreeE Passes or 20 Per Cent Repuction Per Pass tN THE 
Same DireEcTION 


Fie. 4(6) Drrormep Network For ROLLED Coprer Bar D-11 ror 
THREE REVERSED Passes OF 20 PER Cent Repuction Eacu 


more uniform distribution of the shearing strains than for the 
ease of Fig. 5(e) where all reductions were made by rolling in 
the same direction. Further, the shearing strains were always the 
greatest on the outside of the bars for bars rolled in the same 
direction, but on the inside for the reversed rolling sequences. 

Figs. 6 and 7 portray the distributions of the axial, vertical, 
lateral, and principal strains for the two cases of three 20 per 
cent reductions in the same and in alternate rolling directions. 
It is seen that the axial, vertical, and lateral strains are dis- 
tributed very uniformly along the vertical cross sections for exch: 
case, and that the magnitudes are very nearly the same for bot) 
sequences. The principal strains, shown in Fig. 7, indicate that 
one is always tensile and the other compressive. They differ 
mainly in direction in the two cases. 

In order to represent in a clearer fashion the effect of the rolling 


TABLE 2 SUMMARY OF EFFECTS OF ROLLING SEQUENCE ON STRAIN VALUES4 


(1) (2) (3) (4) (5) (6) (7) 
Actual 
reduction 
Bar no ho rolling Average Maximum Average Maximum Average Maximum Average Maximum 
0.2035 —> +0.1550 +0.1572 —0.2220 —0.2577 +0.0688  +0.0714 —0.0919 —0.2126 
D-10 0.2020 —> +0.3482 +0.3530 —0.4470 —0.4804 +0 .0967 +0.1044 —0.1677 4845 
D-11 0.1972 —_> —<— +0.3500 +0.3520 —0.4370 —0.4813 +0.0979 +0.1044 +0.0756 +0.1260 
D-10 0.20288 —> 40.5460 +0.5521 —0.6690 —0.6909 +0.1235 +0.1324 0.2082 —0.7400 
D-11 0.20830 —> <— — > +0.5500 +0.5550 —0.6590 —0.6917 +0. 1202 +0.1271 —0.0797 —0. 1386 
- ¢ Each pass at 20 per cent reduction. Rolls, 6 in. diam.; bars 1 in. X 1 in. X 12 in. 
OTES: 
Col. (2) In the case of two or more rollings, the value of reduction given is for the last pass. 
Col. 3 ez is the true axial strain. 
Col. (5) ey is the true vertical strain. 
Col. (6) ez is the true lateral strain. 
Col. (7) yzy is the shearing strain and is considered (+) for the clockwise rotation of el ts above the center line of the bar and also for the counterclock- 


wise rotation of elements below the center line. 
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sequences on the deformation of the vertical lines scribed on the 
sides of the bars, these lines were plotted to an exaggerated scale 
in Fig. 8. It was found that the method of superposition could 
be applied whereby the shape of the vertical lines on the bar 
could be predicted for a different sequence of rolling operations 
provided the shapes of these lines are known for the same amounts 
of reduction with the rolling operations carried out in the same 
direction. For example, suppose that sequence No. 5 of Table | 
is used as a standard where the rolling operation is performed in 
the same direction for each pass, let us first scale down the first- 
and second-pass profiles in Fig. 8 for this case in the vertical or 
y direction only to match the third-rolling profile. The differ- 
ences in the horizontal or x directions between the profiles for 
the first and second passes and between those for the second and 
third passes are plotted for each point of the vertical section. 

To obtain the profile for sequence No. 4 of Table 1, we then sub- 
tract from the profile for sequence No. 1 the values just obtained 


PROFILE OF VERTICAL LINES ON BARS ROLLED IN DitrrERENT Directions Wrirx a 20 Per Cent RepuUcTION pER Pass 


for the difference in horizontal distances between profiles 1 and 2 
of Fig. 8. To obtain the profile of the vertical lines for sequence 
No. 6 of Table 1, which is for three rollings in alternate directions, 
we subtract from the profile for the sequence No. 4, just deter- 
mined, the profile difference of the second and third passes of the 
standard case of Fig. 8. 

The same procedure can be followed with a fair degree of 
accuracy to determine the profiles for other sequences. Hence 
this indicates that provided one establishes the vertical profiles 
for a series of reductions of a given amount, which are produced 
by rolling in the same directions, it is possible to predict in ad- 
vance or to determine the shape of the profiles for other se- 
quences of rolling under the same reductions where the directions 
of rolling in the various sequences are different. 

The quantitative effect of different sequences of rolling on the 
strains produced may best be summarized by Table 2. If one 


compares the normal strains e,, ¢,. and ¢, for two rollings of 20 


4 
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per cent in the same directions with the values for two rollings, 
the second of which is in the reversed direction, it is evident 
that the rolling sequence has practically no effect on the magni- 
tudes of the axial, vertical, or lateral strains. 

Similarly, comparisons of the values of e,, «,, and «, for three 
rollings in the same directions with those for three alternately 
directed rollings show that the rolling sequence has no appreci- 
able effect on these normal strain values. In fact, the values of 
the axial and vertical strains in the similarly directed and op- 
positely or alternately directed cases for both two and three 
rollings agree within about 2 per cent. 

The real difference between the various sequences of rolling in 
so far as the strain picture is concerned lies in the variation of the 
shearing strain y,,. Column 7 of Table 2 shows that for the 
two-rolling cases (sequence Nos. 3 and 4 of Table 1) of similarly 
and opposed rolling directions both the signs and the magnitudes 
of the shearing strains are different. The maximum shearing 
strain for two rollings in the same direction is 3.85 times as 
great as the maximum shearing strain produced by two rollings 
in opposite directions. Similarly, the maximum shearing strain 
for three rollings in the same direction is 5.34 times as great as the 
maximum shearing strain produced by three rollings in alternately 
opposed directions. 


CONCLUSIONS 


The following conclusions may be drawn from these experi- 
ments: 

1 A comparison of the lateral-compression tests and the 
rolling experiments on bars coated with a brittle lacquer demon- 
strated the presence of similarly directed elastic tensile strains in 
both cases for some distance from the center lines of the rolls. 

2 The network tests showed that the shearing strains were 
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always the greatest in the outside fibers of the bars when they 
were rolled in the same direction with a number of reductions. 
In contrast to this, the shearing strains were greatest inside 
the bar when rolling took place in alternately opposed direc- 
tions. 

3 The method of superposition, described in the paper, may 
be used to obtain the shape of the vertical profile lines of the bar 
for various sequences of rolling provided the profiles are known 
for the same per cent reductions, each of which is produced by 
rolling in the same direction. 

4 The sequence of the rolling operation does not affect ap- 
preciably the magnitudes of the axial, vertical, or lateral normal 
strains. 

5 The sequence of rolling affects in a very marked manner 
the shearing strains and the shape of the profiles of the vertical 
lines scribed on the bar. The alternately opposed directions of 
rolling produce a much less distorted network with very much 
smaller shearing strains than does the rolling of the bar in one 
direction only during the various passes. 
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The Relationship Between Reynolds Number 


and Velocity 


Distribution 


By L. S. RHODES,' STATE COLLEGE, PA. 


T will be shown that, for turbulent flow, the velocity dis- 

tribution in the cross section of a pipe and the ratio of mean 

velocity to center velocity depend upon the rate of variation 
of the friction factor f, with Reynolds number N p. 

Fig. 1 shows a typical velocity distribution in turbulent flow. 
The mean velocity is V, the center velocity is CV, (C being the 
ratio of center velocity to mean velocity), and u is the velocity 
at a distance y from the pipe wall. It is reasonable to assume 
that 


which is consistent with the conclusions of Prandtl and von 
Karman.* It might also be noted here that, by choosing a proper 
value of n, Equation [1] can be made to fit rather closely any 
kind of a smoothly increasing variation of u between u = 0, 
y = Oandu = CV, y = R (see ref. 3). 

The discharge through the annular ring of width dy in Fig. 1 


n 
dQ = udA = — y)dy 
R 
and 
R 
2r 
y"*") dy = 2x +2) [2] 


Since V is the mean velocity, @ = rk?V; and so 
YL" 2 
= 
(n + 1)(n + 2) 


and 


+2) 
2 
I:quation [3] shows that any determined value of n fixes the 


value of the ratio of center velocity to mean velocity, and Equa- 
tion {1] may be written 


(2) 
2 R 


If we consider as a free body the fluid contained in a hori- 


Pre Professor of Civil Engineering, Pennsylvania State 
College. 

*“Fluid Mechanics,” by R. A. Dodge and M. J. Thompson, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1937, p. 211. 

‘A further justification of its use may be found by comparing 
Equations 22.7 and 22.8, pp. 136 and 137, of ‘Aerodynamic Theory,” 
edited by W. F. Durand, Julius Springer, Berlin, vol. 3, 1935. 
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zontal piece of pipe of length L and diameter D, then the force 
F which keeps the liquid in motion against “friction” is F = pA; 
in which p is the pressure drop, wh,, caused by friction, and A 
is the area of the pipe cross section. So, since the pipe friction 


— 
=I5 e density p = 
F = wh 4 D? = 4 D*wf D 29 = 3 Def LV? ...... [5] 


The unit shearing stress at the pipe wall is 


| V = 
Fie. Typicat DistrRiBUTION IN TURBULENT FLOW 


and also by experiments, to be a function of Reynolds number 
Nr = VDp/u; in which uy is the absolute viscosity and p is the 
density of the fluid flowing. Most textbooks on hydraulics show 
f plotted logarithmically against Np, the curve being known as 
the Stanton diagram. The curve is not quite straight, but for a 
limited region near any value of Nz the equation f = kN,” fits 
quite closely. The exponent m is the slope of the curve; and 
it varies for clean cast-iron pipe from about —0.27 at Ng = 
5000, to —0.20 at Nz = 50,000, to —0.10 at Ng = 500,000. 
Substituting the expression for Nz in the equation f = kN,” we 
get 


kV™D™p™ 
[7] 
Combining this value of f with Equation [6] gives 
V*kV™D™p”™ ker 


8u™ 8u” 
and, by putting into Equation [8] the value of V from Equation 
[1], we finally arrive at 


kp™*! D™ 
8u™ 


T= 


Since the unit shear at the pipe wall is analogous to “skin fric- 
tion” for a flat plate, and so bears no relationship to the diameter 
of the cylinder into which the plate may be rolled to make a pipe, 
it is reasonable to assume that for any 1 deg of pipe roughness 
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l 
(61 
The friction factor f can be shown by dimensional analysis, ; 
| 
rn 
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the unit shear at the pipe wall will be independent of the diameter 
D (see ref. 4). Equation [9] contains D raised to the power 
(m + mn + 2n); and if 7 does not vary with D, then (m + mn + 
2n) = 0, and 


And so the power of y/R in Equation [1] is given by Equation 
{10]. Substituting this value of » in Equation [4], the velocity 


distribution becomes 
4+ m 2+m 
— (2 + m)? R 


which gives the velocity uv at any distance y from the pipe wall 
in terms of m, the slope of the Stanton diagram curve. Also, if 
the center velocity is measured with a pitot tube as is often done, 
the mean velocity may be found by multiplying the measured 
center velocity by 


1 (2 + m)? 


4+ 


As an example of the use of these results, let us consider the 
Blasius equation f = 0.316N ,~°** in which m = —0.25. Equa- 
tion [10] gives n 1/7, verifying the “seventh-root” law of 
velocity distribution. Also, Equation [12] gives 1/C = 0.816, 
as the ratio of mean velocity to center velocity. 

The equation of Blasius is good only for flow in ‘‘very smooth” 
pipes in the region of Np = 10,000 to 50,000. For rougher pipes 
and other values of Nz, other velocity distributions must be ex- 
pected. For example, f = 0.214N,~°-*° fits the curve quite well 
for clean cast-iron pipe in the region Np = 30,000 to 100,000. 
This means m = —0.20. Equation [10] gives n = 1/9, which 
fits flow conditions for cast-iron pipe in this region of Reynolds 
number. Equation [12] gives 1/C = 0.852 as the ratio of mean 


‘ A further justification may be found in the fact that the equations 
derived from this assumption fit experimentally determined velocity 
distributions, as pp. 137 and 138 of ref. 3 bear witness (‘‘the 7th, 
8th, 9th, or 10th power of the velocity will plot against the distance 
from the pipe wall as a straight line’). Also this agrees with the - 


conclusions of Prandtl and von Karman, ref. 2. 
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velocity to center velocity. This checks very closely with tra- 
verses run by the author with a pitot tube in a cast-iron pipe. 

Returning to Equation [1] and to Fig. 1, the kinetic energy in 
the flow through the annular ring of thickness dy is 


w 


u? w 
dE = wdQ 29 = 29 wdA = 2g 2n(R y)dy 
R 
but 
+2) 
2 
and so 


+ 1)(3n + 2) 8 
in which kwrk?V*/2g is k times the kinetic energy in the pipe if 
all particles had a velocity equal to the mean velocity V. From 
Equation [13] 


=k — eRV?.... [13] 
29 


(n + + 


+ + 2) 


in which 


This means that the average kinetic energy per unit weight of the 
fluid is kV2/2g, with k determined by the slope m, of the curve in 
the Stanton diagram. In the foregoing case in which m = 
—0.20 and n = 1/9, k = 1.038 as the kinetic-energy factor to 
take care of the effect of velocity variation in the cross section. 
This, of course, takes into account only the velocity component 
parallel to the pipe; and so the true k would be somewhat larger. 

In the case of laminar flow in a pipe, the velocity distribution 
is always parabolic with a mean velocity equal to one half of 
the center velocity and a kinetic-energy factor k of 2. A proof 
of this may be found in most texts on hydraulics, 


2+ m 
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Oscillations of Suspension Bridges 


By HANS REISSNER,' CHICAGO, ILL. 


The author has developed a theory of oscillations of 
stiffened cable systems which is applicable to the design 
of suspension bridges. Dealing with free oscillations in 
the first part of the paper the author established a system 
of linear differential equations with variable coefficients 
taking into account the horizontal displacements and 
inertia forces, the change of thrust along the cable, the 
slope of the cable, and the torsional stiffness of the girder. 
An approximate integration by the Rayleigh energy method 
is shown and is numerically exemplified for the lowest 
antisymmetric mode. 

The results show that, in general, it is allowed to neglect 
horizontal displacements, change of thrust, and cable sag 
for the dynamic problem as well as for the static problem 
and they bring out the fact that for all practical propor- 
tions of relative cable sag and girder stiffness the frequen- 
cies and modes are essentially independent of the relative 
cable sag and dead load and only dependent upon the ab- 
solute cable sag A so that, for instance, for the lowest anti- 
symmetric mode the equivalent pendulum length is 2A /7°. 


INTRODUCTION 


ARLY in the history of suspension bridges, oscillations 
greater in magnitude than for other bridge systems were 
Lately, in the case of certain light suspension 
bridges of narrow roadway span, dangerous oscilla- 
tions have again been observed, according to reports from in- 
formed sources (1, 2).? 

Oscillations of framed bridges and other structures were first 
treated in two publications by the author (3), later being elabo- 
rated upon in regard to refinements in numerical procedure and 
arrangement of equations by Pohlhausen (4), Prager (5), and 
Waltking (6). Oscillations in such structures as suspension 
bridges, where the deflection theory is indispensable, have re- 
cently been discussed by H. H. Bleich (7), H. M. Westergaard 
(8), and some of the authors of the Tacoma bridge report (9), 
including Th. von Karman, W. D. Ranny, and L. G. Dunn. 

In its essentials, the theory on oscillations for suspension 
bridges presented in this paper was completed in May, 1941, and 
submitted for consideration to several noted engineers. Since 
then the author’s theory of oscillations has been amplified by a 
more systematic treatment of the torsional stiffness of a bridge 
girder or truss, especially for the case of the girder or truss made 
tubular by an upper wind bracing and of the self-excited oscilla- 
tions. Furthermore, the present paper differs from the earlier 
publications cited, in accounting for the horizontal inertia forces, 
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The second part of the paper treating self-excited oscilla- 
tions has been prepared under the influence of observa- 
tions, experiments, and conclusions reached in connection 
with an (official) report on the Tacoma bridge failure. 
This report demonstrated that the aerodynamic and struc- 
tural damping--the first acting through the width of 
the roadway, the second by the internal friction—plays an 
important part in the safety of a suspension bridge. It 
showed further that the dangerous oscillations are of 
somewhat higher frequency than the free oscillations with 
logarithmic decrement a linear function of the reduced 
velocity so that not elastic instability under wind forces 
nor resonance from wind gusts but the bridge as a self- 
exciting mechanism absorbing energy out of a steady wind 
flow had to be assumed as the cause of the failure. 

This experimental linear decrement law is utilized by 
the author to derive in conjunction with the dynamic 
equations formulas intended to serve as the basis for the 
dynamic requirements for suspension bridges. 


the variation of the horizontal thrust along the cable, and more 
exaetly for the sag of the cable. 

In common with the work of other authors, the approximation 
of a continuous distribution of hanger forces on the cable and the 
girder is used. 

Only the lowest antisymmetric mode and frequency have been 
given here and found to be in close agreement with observations 
and experiments. A number of higher modes and frequencie~ 
have also been evaluated and will be given in another paper. 

The second part of this paper has been prepared under the 
influence of the observations, experiments, and conclusions in the 
report of F. B. Farquharson (10) and in the Tacoma bridge report 
(9), in which it is demonstrated that the dangerous oscillations are 
of somewhat higher frequency than the natural frequency, that 
they show a logarithmic decrement changing with increasing wind 
velocity from positive to negative, and that damping characteris- 
tics play an important role in the safety of the bridge. 

The particular experimental result that, apart from the par- 
ticular dimensions of the bridge system, the logarithmic decre- 
ment is a linear function of the reduced velocity has been used by 
the author as the basis for developing the dynamic equations of 
the paper into a complete system, while otherwise the excitation 
would have remained indeterminate. 

From this complete system, simple formulas have been derived 
to show numerically the transition of the aerodynamic-damping 
coefficient from positive to negative. Furthermore, they give the 
decrement, the frequency, and the critical wind speed as functions 
of the dimensions, masses, and low-speed damping coefficients of 
an arbitrary suspension-bridge system. 

The author believes that, with these data onli bridges 
may be designed with such values of girder distance, structural- 
damping stiffness, cable sag, and cable support that the highest 
wind velocity will remain below the critical velocity. 


Tue GEOMETRIC AND Dynamic EQUATIONS FOR THE CABLES 


It will be assumed that the total dead load P, (cable plus 
girder plus hangers plus roadway) has been applied before the 
girder is stiffened, and is so distributed that p, equals a constant 


A-23 


q 
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per unit length of the girder. Then the cable catenary will be a 
parabola so that the original equilibrium, Fig. 1(a), is given by 


So cos go = Ho = const 


= tan 
d 
Since a dimensionless abscissa variable will be introduced 
Pa sal 
#0 Hy 0 l [2] 
2h Pal 
rhere — = = 
where i He 


corresponding changes, supposed to be small, from the static 
position will be 


The dynamic equations for the cable are 


d(S cos ¢) = weds = sec ¢o 
d(S sin ¢) = (ug sec + Pa + Pr)dxo 


Separating the cable stress force S and the angle ¢ into the origi- 
nal dead-load values So,¢go and the small oscillating values S,,¢ 
Equations [3] become 


d 
[S; cos go — So sin = pti V1 + & | 
d [3a] 
[S, sin ¢ + So cos = V1 + e+ Pr | 
0 
now introducing the notation 


Hy Hy 


It will be noted that, as soon as horizontal forces (in this case the 
horizontal forces of inertia) come into play, the change of 
the horizontal component of the cable tension is not constant 
along the cable. Further, making 


Pad Pa 


then Equations [3a] take the form 
d 
(r — git) = mi V1 + | 


d 


The angle change ¢; and the horizontal displacement & can 
now be expressed by the vertical displacement m in the following 


d 
tang = = + sec? go 
dxo 
dyo + dy 
+ — 2 


Comparing, keeping only small quantities of the first order and 
observing that tan g = & then 


= (1 + &)—"(— + [6] 


* Explicitly: ds = dso + ds; and the second term contributes only 
small quantities of higher order. 
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where ()’ => 

On the other hand, the condition that the extension of the cable 
during the oscillation can be neglected leads to 

ds+ dds = + dyydyo = 0 
or 
Therefore, following Equation [6] 


Equations [3b] now appear as follows 


1 
(r tm’) = mi V1 + & 
[3c] 


d — 
etm) = mm VIF +a 


Dynamic EQUATION FOR THE STIFFENING GIRDER 


Mass Factor. It is necessary to introduce the bending stiffness 
A = EI of the girder belonging to one plane frame side of the 
bridge, and the inertia factor of the girder and roadway. For 
the value of the latter, two cases must be considered, namely, 
(a) the case of equal accelerations in the two bridge planes, and (6) 
the case of angular acceleration of girder section and roadway in 
an antisymmetric oscillation of the bridge system. 

In both cases, the inertia load per unit of length on the girder 
can be written 


respectively, but in Case (a), 4 is the mass of one girder plus 
one half of the roadway per unit of length, while in Case (5), 
the meaning of us, can be derived as follows: 

Expressing the dynamic moment of inertia of the girder road- 
way system by the radius of gyration f 


Tayn = 2u,f? 


b 
The angular acceleration is in/- and the force moment is qb. 


Therefore 
2 
2u = pb 
or 
p= pe 


so that, for the case of antisymmetric oscillation of the two 
parallel girders of the bridge 


which for the mass concentrated in the girders reduces to yu 
Me 

Bending Stiffness. In both cases, the bending stiffness A 
= EI of one of the girders is expressed by a load term 


Torsional Stiffness. In Case (a), where both girders are mov- 
ing without angular velocity of the roadway, any torsional stiff- 


} 
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FIG. 2 
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ness of the girder system has "9 effect on the motion. However, — then 
in Case (b), where there is angular velocity of the roadway, the 2 
following terms must be introduced: B, Oyu _ Pe 
. . . 
In a girder system, any appreciable amount of torsional stiff- dx 
ness is only present in a closed cross section, formed by the two - 
main girders, the roadway with its wind bracing, and the over- I > oe Phor 
. . 2 
head wind bracing, Fig. 2. dz? 
For an antisymmetrical oscillation of the two parallel girders, i? 
it can be assumed that the cross section rotates about the angle ‘ ee Prot 
¥ without changing its shape, Fig. 2, so that dz? 


y= + yp 


9 


and for the horizontal displacement on the lower side 
+ ve 


on the upper side 
ty = — 
The moment of the hanger forces py is 
= 
and the moment of the inertia forces 
M,, = untab 


In Fig. 2, these two moments are taken partly by the vertical 
main girders and partly by the horizontal wind bracings and 
roadway. Again the vertical and the horizontal deflections 2, 
<4, and y are partly due to shear (corresponding to torsion 
proper) and partly due to bending, caused by change of twist 
angle per unit length. 

Calling the shearing stiffness of any of the vertical or horizontal 
girder panels GF = B, and observing that the transverse (shear) 
— V depends upon the load of the respective girder by the re- 
ation 


where the suffix 1 in the subseripts signifies the influence of shear. 
The influence of bending is further given by 


d*y;2 
d 4 = Py 
1 dx* Phor 


= + Phor 


The superposition of these two effects gives the total angle of 
twist p by 


ay Pe 
dx‘ B,b/2 A,b/2 
¢,B, CA; 
hor Phor 


Therefore, the condition of distortionless rotation of the cross 
section demands that 


where 


3 dV Cu B, A, 

j dz =e 
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so that 


A, Bb, 
4,+ Ay, B, + B, 
¢ = ¢—— 
1, B, + bk, 
Furthermore 
where 
Phore + = M, = pad 
so that 


bi{1+2 Ay — } = 
ly Ay Ay 


or 
] 1 
Pa Pa ee A; c A, n 
AL + A, 
where 
4, A, 
n= 1+ 2—-—.——*— 


Now, by virtue of the general equation of the deflection curve 
of a girder 


and using the foregoing expression derived for the total hanger 
and inertia load 


or in dimensionless variables and coefficients 
An’ = q— aq” — mm + moan” + K....... {10} 


For brevity, in Equation [10], the following dimensionless factors 
are introduced 


k and K are terms indicating aerodynamic forces, and q is to be 
taken from the cable Equations [3c]. 

Equation [10] can be taken as the general equation which is 
also valid for the condition when the two parallel girder-cable 
systems, of which the bridge consists, are oscillating antisym- 
metrically, i.e., with an angular velocity of the cross section 
(including the roadway). It may also be used for the case in 
which the cross section is not rotating. In the latter instance 
n = 1 and y, is used instead of wa, Equation [8]. The term 
K for the aerodynamic forces will be different in the two cases. 

For bending without torsion, as in the case of oscillation with- 
out rotation of the roadway, the terms giving the influence of 
shear on deflection are in general neglected. This is justified if 
the distance between inflection points of the curve of deflection 
is great as compared to the height of the girder, which shows that 
shear must not be neglected for the modes and frequencies of 
higher order. 
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As might be expected, the case of rotation in Equation [10] 
shows a higher stiffness value A and a smaller mass factor yr, 
hence it follows that in rotation the frequencies are higher than 
in phase-equal oscillation of the two cable-girder walls, especially 
if the girder system is designed to resist torsion by providing an 
overhead wind bracing. 


Tue INTEGRATION 


Natural Frequencies. The natural oscillations, not being sub- 
jected to any wind forces, may be considered first. In this case, 
even the damping forces in still air are negligible. 

Then Equations [3c], [7], and [10] give a complete system of 
four linear differential equations with the four dependent vari- 
ables &, m, 7, and q with coefficients variable in regard to the 
abscissa £, but constant in regard to ¢. In relation to time t, only 
second derivatives (inertia forces) appear, because damping by 
air resistance is negligible in this case. Theretore, the oscilla- 
tions of the mechanism of the suspension bridge can be presented 
by a sum of harmonic oscillations in the form 


= Cos wal «| 
m = cos w,t 
= DT’, COS wal 
q = XQ, cos 


where the variables X,, Y,, 7,, and Q, are functions of & alone. 

This first integration leads to the following system of total 
differential equations, in which only one term of the sum of 
Equations [11] is considered. 


d 
(T — = — mw*X V1 + 

4 EY’ 

AY™ = Q— aQ’ + — a¥’) 


This is a system of homogeneous differential equations, which 
only for certain values of the oscillation frequency w has a solu- 
tion other than zero. In addition, the system must satisfy the 
boundary conditions of simple support so that 


Y = Y’ =Oforé = + Xorfort = Oandé = A 
in the middle span and side spans, respectively (Fig. 1a). 
X = 0 for & = Oin side spans (anchorage) 
7 middle span = + side span 


beeause of roller bearings on pylons, pendulum pylons, or very 
flexible pylons. 

The number of Equations [3dP may be decreased by eliminating 
T as follows: 

From the first Equation [3d} 


T = Y'& — mo’ V1 


Incorporating this into the second of Equations [3d] 


ms [y fox vire)| 


d 
+3! (1 + 


For brevity 
d 


= 
dx‘ 
_ A, l 
pal? B, I? Par 
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System of Equations [3d] can then be written 


— a¥") + a&%")| = AY" 
d ad 4 | 


Equations [3d] or (3e] constitute a set of homogeneous differen- 
tial equations with the frequency w as a parameter. They have 
<olutions only for a series of diserete characteristic values of this 
parameter. In general, the lowest characteristic value, that is, 
the lowest frequency, is the one which is built up most readily by 
disturbances. 


SoLutTion BY RAYLEIGH ENERGY Meruop 


Equations [3d] or [8e] are mathematically quite inconvenient 
heeause of the influence of the horizontal cable displacement 
t, = X cos wf, appearing in the factor 1 + £&, and also because 
of the change of the horizontal thrust 7 along the cable. 

In former theories, these influences have been neglected so that 
convenient linear differential equations with constant coefficients 
appear. 

In these theories, the horizontal cable displacement and the 
condition of rigidity or elasticity of the cable do not appear at 
all, either in the differential equations or in the boundary condi- 
tions. 

In fact, with these items neglected, the equation is identical 
with that for a straight beam under axial end tension foree and 
end moment in which the boundary conditions of support are 
alone sufficient to supply the frequencies. 

However, in such an instance this solution is abandoned and the 
frequeney is determined by the condition of unchanged total 
length of the cable. 

It would be worth while to prove that this method is a justified 
approximation, and also to determine under what conditions this 
is so. This seems to be true, at least for the simplest possible 
numerical example, such as that to be given later. 

A general application of the Rayleigh method of frequeney de- 
termination to Equations [3d] will be considered. 

Multiplying the second of Equations [8e| by the vertical- 
velocity function — Yw sin wt and integrating over the entire 
length of all spans (expressed by the 2 sign), the following equa- 
tion is obtained, which states that, in free oscillation, the work 
of the inertia forees at every moment balances the work of the 
elastic forces 


wt S dt[m(¥? — a¥Y¥") + m(¥Z — a¥Z")| 
=z Y : + + 

dé 
+ [12] 


where Z is as previously defined for Equations [3e}. 

To find the frequencies w and the amplitude functions X and Y 
that is, the characteristic values and characteristic functions), 
the exact method would be to integrate Equations [3e], and, by 
means of the denominator determinant of the boundary condi- 
tions, obtain an equation for an infinite number of possible fre- 
quencies w, and corresponding modes (characteristic functions) 

This method leads to very lengthy developments either of a 
power series or a trigonometric series of which, because of the 
small value of the bending stiffness number A of the stiffening 
girder. the convergence is in general very slow. In such a ease, 


some special means, as 4 change of variables and asymptotic ex- 
pansion, would have to be applied. 

This procedure will not be discussed now, but only Rayleigh’s 
approximate method, invented just for differential equations 
with variable coefficients and slow convergence for solving series 
developments. 

For this purpose, it is necessary to assume a sequence of func- 
tions (approximate modes) satisfying the boundary conditions 
for Y,, as well as for X,, but in general not satisfying the differen- 
tial Equations [3e]. It has been proved that the approximate fre- 
quencies connected with them will increase with the number of 
zero points in the spans. 

The Rayleigh integral Equation [12] can be interpreted as a 
means of reducing the mean square of the error of the assumed 
approximate modes Y, and X, to a minimum. 

The functions Y, and X,, satisfying only approximately the 
differential Equations [3¢], have the effect of a constraint, from 
which it follows that the frequency calculated by any method 
of the minimum of the average square of the error must give a 
frequency higher than the exact one corresponding to the lowest 
mode. The better the characteristic functions, that is, the exact 
solutions of the differential Equations [3e], are represented by 
the chosen functions Y, the more accurate will be the resulting 
frequency w. 

Rither algebraic curves or trigonometric curves, ordered accord- 
ing to the number of nodal (zero) points in the middle span, may 
be chosen as deflection curves which satisfy the boundary condi- 
tions. In the following computations the latter curves have been 
chosen. 

In choosing these functions, the boundary conditions in Y and 
in X must be satisfied; that is also for the horizontal displace- 
ments on the pylons. This brings out a difference between 
the antisymmetric and the symmetric function Y. For instance, 
assuming for the lowest antisymmetric mode, that is, forn = 1, 
4 2h x 


then 
The horizqntal displacement function X, satisfying the con- 


dition of displacement zero on the pylons — = = A follows from 
Equation [3e] in the form 
X, = (vé) 


cos (vt) — wt... [13a] 


But, using a trigonometric function for a mode, symmetrical 
about the center line of the middle span 


2n — 1 © 
2 N 


Y, = acos (vt), » = 


whichsatisfies the boundary condition (Y,)¢= +, but not yet for X. 
From Equation [e], viz. 


X,’ = — tY,,’ 
it follows 
= avé sin (vé) 
xX, = av~'(— cos vé X vé + sin vt + 


in which the integration constant c cannot be chosen to satisfy 
the conditions on both pylons. Therefore, it is necessary to 
combine two functions, preferably two successive functions Y,, 
and Y,, +1 to satisfy also the conditions in X, which gives 


Gn+1 
[— sin (yn4+1d) + 


a, 
(Xn,n+ DG= = (—- sin + ¢,) + 


l l 
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+ a(n + 1) —1 a 
n+1 ” sin (yn Vr n 


The lowest mode n = 1 would then take the form 


In fact a single term in Y,, would change the lengths of the cable 
elements, while a combination of two successive terms would 
satisfy the condition that the extension of each element of the 
cable is zero. From the geometric aspect, this is only possible for 
a certain distribution of the nodal points. 


= | gives 


— 
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» 
d 
d. 


—3 


Observing then that the two last integrals are the two terms re- 
sulting from Z, both having the mass factor m of the cable, and 


that » = "I is of the order of magnitude 3x ~ 10, it is recognized 


that the term containing X is much smaller (about !/s) than the 
preceding term which indicates the vertical inertia force. Thus is 
supplied the justification for neglecting the horizontal inertia 
forces of former theories, at least for the lowest mode. 

With the values of the integrals just given Equation [12| 
(stripped of the shear terms of factor a) determining the lowest 
frequency becomes 


+3cos— —=0 


and for the relative distance from the center of the span 


3° 

The foregoing example assumes the horizontal displacements 
on the pylons to be zero, as would be the case for straight cables 
in the side spans. No difficulty is presented in satisfying any 
other condition for X on the pylons; for instance, that the dis- 
placements and thrusts for the middle-span and the side-span 
cables must be equal if the side-span cables are not straight. 
However, the simpler assumption will be chosen not only because 
of simplicity, but alsc because new suspension bridges must be 
made as stiff as economically allowable. 

The evaluation of the Rayleigh integral of Equation [12] 
will now be made for a stiffening girder which is very flexible in 
bending and twisting, and which oscillates with the two cable- 
girder systems in antisymmetric position; that is, with the road- 
way cross section rotating. 


A,™ 
The terms with the coefficient a = — - » giving the relative 


B, l 
stiffness of the girder against shear cin then be entirely neglec- 
ted, while the influence of the bending stiffness A may be kept for 
the present, although it will be shown later that, in some 
modern bridges of wide span, it is negligible. 
Before evaluating the integrals appearing in Equation [12] 
it may be observed that the maximum value \ = 2h/I of & is 


less than '/3; therefore, for simplification 1+ + 


In Equation [12], under the foregoing simplifications relating to 
the shear-force effect, only the following integrals appear, where 
for brevity y = vé. 


3 
d yr* 
0 2 3v?2 Dy? 
1 
+5) 2v (: + +) 


me foe + my (1 fd d (: + - |} 


(14) 


Before inserting the values of the integrals just determined the 
following observations may be made concerning the mass factors 
m, and m. 

Expressing these factors by their contributing factors ¢, and 
c, in relation to the total dead load pg 


Pa gd 


where * signifies the fact that the radius of gyration f of the road- 


way-girder system must be smaller than one half the distance 
between the two girders. 
In the same way 


Equation (14) can then be written as follows 
Av? 
+ 1 + 3.8» 


Gell + 10.20? + 


= 


2 
The following general conclusions can be derived from this 
formula: 


l 
As » = — is a number of the order of magnitude 10, the girder 


stiffness coefficient A must be at least of the order of magnitude 
10-* to exert an appreciable influenee on the natural frequency. 
Now according to Equation [10a] 


Therefore if the bending-torsion stiffness ef the girder F/ 


is to produce an increase of 20 per cent on the square of tlie 


natural frequency it must be required that 


3 
EIn 0.22 ~ 


| 

Y; = a] cos + 3 cos — 

X; =— a] cos ~ + 3 cos — = — {sin - 

; = Ce 
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For instance for the Tacoma bridge 
pa = 3000 lb/ft, = 1400 ft, EJ = 2.96 lb 


EIn 6.10" lb ft? 


In the case of slender girders such as that of the Tacoma bridge 
the bending-torsion stiffness of the girder svstem would have to 
be increased about 20 times in order to raise the frequeney 10 
per cent. 

Now the order of magnitude of the term »?A appearing in 
|14a] can be estimated by the foregoing figures. It becomes 


(LOT 
10-3000 1400° 


vA = 


A remarkable general result follows from Equation [14a]. 

The natural frequency of suspension bridges is independent of 
the dead load and of the absolute value of the span. It is inversely 
proportional to the absolute value of the cable sag (h) and only in a 
very much lesser degree dependent on the relative cable sag h/I. 
As an example the measured frequency of the Tacoma bridge 
may be compared with the theoretical result. 

For this case one can estimate 

2 
¢, = 0.73, ¢ = 0.27,» = = 9,47, (¥) = 0.6, w? = 0.98, 
w = 0.989 sec, n = 9.43 cycles per minute which agrees very 
closely with the observed torsional vibrations at low wind ve- 
locities, 


il 


SevLF-Excrrep 


The phenomenon of oscillations excited by a steady pressure 
or a steady flow is well known in engineering practice and science 
but generally it is not easy to analyze. Its first appearance in 
suspension bridges, some 80 years ago, did not lead to a scientific 
treatment but only to a more cautious design of the stiffening 
girders. This approach to the problem was successful until quite 
recently when suspension bridges, designed with narrower road- 
ways and for lighter traffic, in spite of their professionally careful 
statie structural analysis, gave evidence of large oscillations es- 
pecially of a torsional character, excited by the wind. 

Following the Tacoma bridge disaster, a committee headed 
by O. H. Amman, Th. von Karman, and G. B. Woodruff, carried 
out a painstaking investigation of the failure. Some time prior 
to the report of this investigation, the author had prepared a 
manuscript dealing with the natural oscillations of suspension 
bridges. In that paper an attempt was made to explain the wind- 
excited oscillations by the theory that a forward center of pressure 
was imposed on the roadway by the wind, a theory first suggested 
by von Karman, but later abandoned. 

The fact that observations and model experiments did not show 
an appreciable wind moment on the roadway, and that the 
critical frequencies were more rapid than the natural frequencies 
instead of being slower, as would be required by the first theory, 
indicated without doubt that the cause had to be sought in a 
mutually exeited rhythm of wind flow and bridge oscillation. In 
this case, energy would be drawn from the wind flow, while the 
damping effect of the wind flow, originally positive for low ve- 
locities, would be changed to negative damping, beginning with 
the critical wind velocity. 

The task of rationalizing perfectly the theory to explain the 
phenomenon in question seemed to the author to be rather hope- 
less. Instead, a combination of arational theory of damped oscilla- 
tions, together with an experimental law of linear change of loga- 
rithmie decrement with the so-called reduced velocity has been 
worked out as follows: 


The linear law referred to resulted from systematic experi- 
ments carried out by the special Tacoma bridge committee men- 
tioned, and has been described in contributions of von Karman 
and Dunn (9). As will be shown it leads to predictions of 
xerodynamic-damping forces, critical velocity, and critical re- 
duced velocity, as functions mainly of structural damping, 
width of roadway, and sag of cable. 

The simple theory which will be derived permits prescribing 
such width of roadway and such structural damping for any type 
of suspension bridge that the critical wind velocity will be higher 
than the highest expected wind velocity. 

The theory, as applied to the natural frequencies and also to 
the self-excited oscillations, shows the surprisingly small in- 
fluence of the bending stiffness of the stiffening girder or truss, 
relative to the stiffening effect of the cable itself. 

Yet, the bending and the torsional stiffness, the latter being 
increased by an upper wind bracing, have a decisive indirect 
effect upon the desired raising of the critical velocity, by produc- 
ing a high structural damping. The importance of the structural 
damping was previously stated in the Tacoma report. This re- 
port also indicated that, for moderate oscillations, the logarithmic 
decrement is practically constant for constant wind velocity, 
which fact made it allowable to describe the damping by coeffi- 
cients proportional to each wind speed. 

Equation [10] may now be completed by adding terms repre- 
senting the structural and aerodynamic damping. The structural 
damping, being a property of the friction accompanying the stress 
changes in the cables and in the girder, is independent of the 
wind velocity, while the aerodynamic damping changes with 
the wind velocity in such a way that its coefficient decreases with 
increasing velocity and becomes negative after a critical wind 
velocity has been reached. 

For the slender girder and for the lowest mode (of only one 
nodal point), it is justifiable to neglect the influence of the shear 
stresses on the deflection, that is, the terms with the factor a = 
Av 
Bo 

The structural damping of small oscillations may be expressed 
by 


On the other hand, the damping terms must be added. 


+ 
Here d,, and d,, are coefficients of friction, which may be treated 
as constant for small oscillations, although it is known that they 
increase with the amplitude. 
Term q represents the bending friction in the cable which can 
be neglected, 7'° the bending friction in the girder. 
The aerodynamic damping can be given by a term 


= amv 


where v is the wind velocity and d, is the aerodynamic-damping 
coefficient, which will depend on the reduced velocity v/wb, on 
the density p of air, on the dead load, and on the width 6 of the 
roadway approaching the limit 


2.5pb 
2h 


To eliminate variable coefficients in the differential Equation 
[10], in order to simplify the characteristic properties of oscilla- 


tion, the factors 1 + £ and VJ 1 + & may be replaced by their 
1 1 
mean values 1 + ~1 + and! +3 =1+ ag’ and the 


horizontal inertia forces, showing in the terms containing &, 
shall be neglected. 
This is done with a reservation to be confirmed later, and be- 


| 

4 

j 

4 

| 

2 

4 

q 

wb 
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cause ot the fact that the omission of these terms by other authors 
seems to lead to values which are very nearly exact, in examples 
which have been compared. 

Equation [10] then becomes 


m” +dym'* + d,om = 0.....{106| 


min + 


where mm, represents the total influence of the mass distribution of 
cables, hangers, and girders; containing also the correction fac- 


tors 1 + ry and 1 + 3 which differ very little from unity and 


which also may be incorporated in A, d,, and d,. 

The solution for the lowest mode satisfying the conditions of 
simple support of the girder and of inextensibility of the cable 
ean be written 


{10¢} 
x 2h xl 
} as before= = --—,» = - = — 
where as ore v ah 
and 
Q? + + dav + + 
m, m, 
(sing the notation 
d,.vt + Avt + 
2m, my 
[10d] 


Equation [10c] finally becomes 
m = e~“(C, sin wt + Cz cos wt) sin vé 


The oscillation changes from a positively damped oscillation to 
« negatively damped or unstable oscillation for 


a =0,d, = — dyv‘/v 


which means that such an observed transition must be explained 
by a gradual decrease of the aerodynamic damping coefficient d, 
with increasing wind velocity. 

The period T of oscillation is given by 


which, furthermore shows, in accordance with observation, that 
the frequency of transition to negative damping is greater than 
the natural frequency. 

The relative decrease (or increase) of amplitudes is given by 


e = 


and, therefore, the logarithmic decrement by 


2ra 


6 = = 


which obviously becomes zero fora = 0. 


For any prediction of flutter, galloping, or unstable oscillation 
of suspension bridges, the principal question is that of changing 
the aerodynamic coefficient d, into a function of the wind velocity, 
and the properties of the structure. 

The results of the foregoing analysis, although necessary, 
are of course not sufficient to answer this question. Additional 
result« of systematic observation are indispensable to the ex- 
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tablishment of a law governing the decrease of aerodynamic damp- 
ing with velocity. Such a systematic representation is given in 
the Tacoma bridge report,’ which shows a linear relation between 
the logarithmic decrement for pure xerodynamie damping and the 


reduced wind velocity V, = b where V is in miles per hour, 
n 


b is in feet, and n = w2x so that 


v 
— = 4,24 
bn bw 


and 


u) 
2.05(" 0.968 

beo » 


On the other hand, the logarithmic decrement for pure aero- 
dynamic damping (positive or negative) is given by the equation 
of motion as 


where the frequency 


: 
v v 
w = 2rn = —{— 4 
m, 2m 


The comparison leads to 


where 
2.05pgb? m 4. 1 pb? (5) ) 
(Refer to Equations [10a] and [15]) 
so that the relative increase of the aerodynamic damping co- i 
4 


efficient can be expressed by the reciprocal reduced velocit 


“ in the linear form 


d, bw 
— = 3.75 [| 0.968 — —1]} = 3.63 ~ — 1.03 }.. [16 
dao v v 4 


This shows that, with only aerodynamic forces, the damping be- 
comes negative for 


bw 
— = 106 
v 


Expressed by the relation of two time intervals, it means that 


2n 
flutter appears if the time 7; = ~~ of one cycle of oscillation is 


b 
2.06% times the time T, = ~ of passage of an air particle across the 
v 


width of the roadway. 


* Ref. (9), diagram VIII-2g. 

5 The numerical terms in these formulas seem to indicate a simple 
law. Since the straight line in the Tacoma report was anyway only 
a good fit to the observations on different models and the bridge itsel/ 
it should be allowed to replace them by their near integers. 


f 

5 Pa [J 

pgb? \ b 

: or in consistent units® 

: 

: pgb? \ b 

i 

mw 

v dw 

k(* — 0.968) = 

4 


REISSNER--OSCILLATIONS 


However, this result tells only the relation between v and w 
but not their separate values. By using the value just given for 
the frequency w, and the value of the relative mass distribution 
m, from Equations [10a] and [10d], the relation, giving the change 
of the aerodynamic-damping coefficient d, as a function of the 
wind velocity v, Equation [16] develops into 


1, 2 1, pb*g\? 
(02762 +1) + 2) | = 117 
day day Pav 2hy 


2r\2 
where y = ¢ (7) + c,,g the acceleration of gravity, and dao 


in Equation [15] defined. 
The instability limit — = 1.03 without structural damping is 

v 


reached for d, = 0 with 


From Equation [17], the points of a representative curve for 
d,/dao, and the asymptotic point forv = © can also be figured. 
The resulting curve has the shape given in Fig. 3, which is sealed 
to the dimensions of the Tacoma bridge. 

It now remains to discuss the additional influence of structural 
damping, given by the coefficient d,v‘, for which the logarithmic 
decrement and the frequency were also given in Equations 
{10d} and [10e]. Also, it is allowable to use Equation [16], giving 
the relative change of the aerodynamic coefficient d,/dao as a 
function of the reduced velocity v/bw. 

The general expression for the logarithmic decrement (with or 
without structural damping) neglecting the very small term 
Av‘ can be written 
(10f! 

On the other hand, the frequency taking into account the 
decrease of the aerodynamic coefficient d, appears in the form 


bes i 
w = E > 108) [18] 


where tor abbreviation 
s = y = dace 3.63 


From the last equation w can be expressed by the dimensions 
and damping coefficients. Introducing this value of w in the fore- 
going equation for 6 then a direct relation between the loga- 
rithmic decrement 6 and the wind velocity v is obtained. Assum- 
ing s = 0, one returns to the results for pure aerodynamic nega- 
tive or positive damping. 

More important and much simpler is the result for the special 
cause 6 = 0; that is for the stability limit, including structural 


damping. Equation [10f], with or without structural damping 
gives 


Which shows in comparison with Equation [10d] the increase 


+ dav 


in of the critical frequeney over the natural frequency. 


_ Furthermore the comparison of this value with the general 
formula [18] results in 


* For the Tacoma bridge with b/f = 2.58, b = 39 ft,h = 232 ft, 
32.3 


Equation [17 IVES VYerit = 3 


= 38.3 fps = 26.1 mph. 
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y2 yp? 2 
my Vm 


from which using the values just defined of s and y can be derived 


d,,v* 9 
1170 
where 
2.5 
ver and da, = —— 


had been defined in Equations [13] and [15], respectively. 


Equation [176] shows the increase of the critical velocity ac- 
complished by additional structural damping over its value from 
Equation [17a] valid for aerodynamic damping alone and may 
serve to indicate the necessary structural damping for an ex- 
pected wind velocity. 

The magnitude of the structural damping coefficient of the 


Tacoma bridge 


can be figured from the observed critical velocity 
Veit = 62 fps 
From the second term of Equation [176| follows from the di- 
mensions of the Tacoma bridge 
(Verit)acr = 3.83 fps 
so that the value of the first term of Equation [176] gives 


= 62 8.3 = 23. 


Figuring trom Equation [15]d,, = 0.12, the value of the damp- 
ing coefficient d,, for the Tacoma bridge becomes 


dy = 3.63 X es X 23.7 = 1.28 x 10-4 

In order now to utilize this result for the case of the suspension 
bridge in general it may be assumed that the structural damping 
neglecting the damping of the cable and the towers is proportional 
to the bending stiffness ZJn of the girder system, where the factor 
n represents according to Equation [9a] the torsional stiffness of 
the system, particularly for overhead wind bracing. The as- 
sumption means also that the damping is proportional to the 
change per unit of time of the curvatures of the girder system. 

Considering then the dimensionless form of the Equation 


[106] this leads to 
oth 
dy =kxXaA 
g 


where the proportionality factor k must be determined from the 
prototype of the Tacoma bridge viz. 


1.28 X 10-4 = k3.5 X 


h 
where the value of A .Y > has been figured for the dimensions otf 


the Tacoma bridge. 
To the factor k therefore must be ascribed the value 


k = 3.66 


a 
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From [17] a safety requirement can now be derived as follows. 
The value of the first term on the right side of Equation [17] 
for the general case is 
q 


Therefore the safety requirement becomes 


9 
El > bls Dorit) tot b 17 
n 110 p « | 


Observing Equation [17a], Equation [17c] may also be written 


vt das 


El n 


(Werit tot (Verit + pl 


Equations [17b] and [17c] give for instance the result that in 
order to raise the critical velocity from 62 fps (42 mph) to double 
its value it would be necessary to raise either the damping coef- 
ficient d,, or the equivalent damping stiffness EJn in the ratio 


dat; Elin, 124— 37 87 
= - - = = 3.48 
dex 62 37 25 

Accepting until further research the suggestion contained in 
Equation [17c] that the damping is proportional to the velocity 
of change of curvature it would follow that less than doubling 
the girder (or truss) depth without changing the flange sections 
would raise the critical velocity to double its value. 

In obtaining the foregoing results on self-excited oscillations 
in contrast with results for natural frequencies, the horizontal 
inertia forces and the sag of the cable have been neglected, 
which is the basis adopted by other writers on the subject. 
Neglect of these factors would seem to be allowable, according to 
a comparison of the results of the exact theory, partially given in 
this paper, with the results obtained by Westergaard, Ranny, and 
Dunn. However, whether the procedure is justified or is desira- 
ble should be a matter of general discussion. 

The solid-friction character of structural damping could be de- 
veloped to somewhat better advantage by applying the Rayleigh 
energy method to the more exact theory of the first part of this 
paper. Of course, the approximate theory has the advantage of 
using only constant coefficients in the equations of motion and, 
therefore, of giving approximate results as they appear here in a 
more perspicuous form than the results obtainable by a more 
exact theory. 


NOMENCLATURE 


S,, 8S: = original and additional cable stress 
H,, H, = original and additional horizontal component of 
cable stress (thrust) 
A, 
= original and additional vertical co-ordinates of 
cable 
Zo, X11 = original and additional horizontal co-ordinates of 
cable 
h = sag of cable 
| = half middle span of cable and stiffening truss 
b = width of roadway 
Pa = dead load (total) per unit length of girder 
Pp, = hanger stress force per unit length of girder (minus 
dead-load hanger stress force) 


= relative change of cable thrust 


= 
| 


q= “i = relative change of hanger stress 
d 
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2h 
\=— = = relative sag of cable or dead load 
l 
relative to dead-load cable thrust 


Yo 


Zo zr 
= = m= = \ dimensionless 


l 


co-ordinates and displacements 
mass per unit length of cable including half of 


hangers 

Ay = mass per unit length of truss including half of 
hangers 

m = p = = mass factor of cable (sec?) 
par pa 

mM, = uy ~~ = mass factor of truss 
Par 

b = width of roadway 

Vo = velocity of wind in miles per hour 


v = velocity of wind in feet per second 


A = EI = bending stiffness of one girder 
An 
A=- B = stiffness ¢haracteristic (dimensionless) in 
bending 


X,Y, Q = amplitude factors ot &, m, 7, 
w = frequency in radians per second 


4a = relative structural damping resistance of truss 
qt = dam 
dy, = structural damping coefficient 
quer = relative aerodynamic damping resistance 
Quer = dao’m 
dag = aerodynamic damping coefficient for — — 0 
v 
d, = aerodynamic damping coefficient in general 
v 
reduced velocity (dimensionless) 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data 
and information drawn chiefly from papers previously pub- 
lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 


The data on Vibration are prepared by a subcommittee 
of the Applied Mechanics Division (J. Ormondroyd, chair- 
man), under the general guidance of S. Timoshenko. 

The present article by F. P. Porter is longer than the 
usual design article but is included in this section because 
of its probable use by designers. 


Harmonic Coefficients of Engine 


Torque Curves 


By FREDERIC P. PORTER,' BELOIT, WIS. 


Engine torque curves depend upon the combined effects 
of gas pressures, inertia forces, and weights. Tables for 
the harmonic coefficients of the torque due to inertia and 
weight effects are given for a wide range of crank-to- 
connecting-rod ratios. Families of indicator diagrams, 
representative of various types of engines, are shown and 
tables of the harmonic coefficients of the resulting torques 
are given. The types of engines considered are two-cycle 
gas, semi-Diesel, single-acting Diesel, double-acting 
Diesel, two-shaft opposed-piston Diesel, and four-cycle 
gasoline and Diesel engines. 


ALCULATIONS for the steady-state amplitudes of tor- 
sional vibrations of engine-shaft systems require values 
of the harmonic coefficients of the torque curve occurring 

at each crank of the engine. For steady-state conditions the 
engine torque curve is a periodic function repeating itself every 
cycle of the engine or every one or two revolutions of the shaft for 
two- or four-cycle engines, respectively. This torque, therefore, 
can be represented by a Fourier series which is the sum of an 
infinitely large number of sine or cosine curves having 1, 2, 3, 4, 
etc, complete waves per cycle such as 


hy + cos x + by cos 2x + cos 32 +... +56, cos re +... 
+ a sin + ag sin 2x + a3 sin 8x +... + 4, sinre +... 


Stated in this form, the curve represented has a period of 2 
radians, so that 2 may be taken as the angle of rotation of the 
crank for a two-cycle engine and 2. the angle of rotation for a 
four-cycle engine, 

Each term of the series except the constant term, which is the 
mean value of the curve, is called a “harmonic’’ or “harmonic 
component.” For example, a sin x is the first sine harmonic, 
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/, cos x is the first cosine harmonic, a, sin rz and 6, cos rx are the 
rth sine and cosine harmonics, respectively. The a and > values 
are called “harmonic coefficients” or ‘“Fourier’s constants.” 
The rth sine and cosine harmonies can be combined into a term 
such as 


b, 
Va,? + sin + or 


a, 


Va? + b,? cos (rs — tan-! *) 


r 


which is called the rth resultant harmonic with an amplitude of 

V 0,2 + b,? and phase angle of tan! or — respec- 
r r 

tively. The radicals are also called the “resultant harmonic 

coefficients” or, loosely, the “harmonic coefficients.” 

The number of times a harmonic repeats itself in a period is 
called the “harmonic number.” If “order number” is defined as 
the number of times a harmonic repeats itself in a revolution, 
then 

order number = harmonic number for two-cycle engines 

order number = '/: harmonic number for four-cycle engines. 

In identifying the various forces contributing to the resultant 
torque at each crank, the connecting rod will be considered re- 
placed by two masses, one a rotating mass acting on the crankpin 
and the other a reciprocating mass acting on the wristpin. The 
values of these masses are inversely proportional to their dis- 
tances from the center of mass of the rod, and their sum is equal 
to the mass of the rod. In order that the harmonic coefficients of 
the torque at each crank may apply to various sizes of engines 
of the same type, it is convenient to use torque/AR instead of 
torque where A is the piston area and R is the crank radius. 

The resultant torque/AR at each crank for uniform rotation is 
the combined effect of the following: 


1 Gas pressure. 
2 Inertia: 
(a) Reciprocating parts. 
(b) Connecting-rod couple not given by the two-mass sub- 
stitution. 
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Weight: 
(a) Reciprocating parts. 
(b) Unbalanced rotating parts. 


This can be stated in a formula as fallows, where the five terms 
refer, respectively, to the foregoing five items 1, 2a, 2b, 3a, 3b: 


Torque/AR at one crank for wiiform rotation 


= Torque/AR due to gas préssure + WF 


W 
+ 0.0000284034 
AR 
WLU 
A F, cosy + AR sin (a, + 


a 


- H*) (rpm)? F’, 


where positive torque tends to move the crank in the direction 
of positive rotation. Unless otherwise stated the dimensions of 
the quantities are in pounds, inches, seconds. 


A = piston area 

R = crank radius 

g = gravitational constant = 386,0880 in. per sec? 
W, = reciprocating weight 


P = W,R(rpm)? = 0,0000284034 W.R(rpm)? 
900 g 


= centrifugal force of reciprocating weight, if it were 
rotating at crank radius 
W, 
0.0000284034 A R(rpm)? 
= centrifugal force per square inch piston area of recipro- 
cating weight if it were rotating at crank radius 
W, = weight of connecting rod 


h, = distance of center of mass of rod from center line of 
erankpin 

he = distance of center of mass of rod from center line of 
wristpin a 

H = radius of gyration of connecting rod about its center of 
mass 


a = crank angle from firing dead-center position or from 
piston position furthest from crankshaft 
¥ = inclination of cylinder center line with vertical in 
direction of rotation 
WY, = weight of unbalanced rotating parts at crank 
U = radius from shaft axis to center of mass of W, 
a, = angle of rotation of U from cylinder center line. 
When the center of mass is between piston and 
crankshaft axis a, = 0 


k = crank-to-connecting-rod ratio 
1d (si ksin 2a y 
2 da 2 V1 k? sin? 
FP, = sna + an 
2 Vi —k* sin? a 
sin2a 
2 (1 k? sin? a)? 


Values of the harmonic coefficients of F,, F,, F, are given at the 
end of the tables. 

Values of the harmonic coefficients for torque/AR curves due 
to gas pressures are given in the tables for various representative 
types of engines. The designation at the top of the next column 
has been given the various sets considered. 

For the compression ratio, C is the clearance ratio or the clear- 
ance volume divided by the product of the piston area and stroke, 
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Firing 
Compression Compression pressure, 
ratio pressure, psig at 
set Engine type (C +1 w/c psig 100 mip 
Al Two-cycle gas engine 4.22. 0 
B2 Four-cyele gasoline en- 
gine 5.28 
Cl Two-ceyele semi-Diesel 8.73 265 550 
i Two-cycle Diesel 12.72 450 650 
Hl Two-cycle Diesel 12.72 450 700 
HIDA = Two-cycle Diesel, 
double-acting 12.72 450 700 
J2  Two-cycle Diesel 13.72 500 950 
P2  Four-cycle Diesel 13.98 450 650 
3 Four-cycle Diesel 16.16 550 800 
3. Two-cycle Diesel, op- 


posed-piston, 10 deg 

offset 14.49 650 1000 
V2 Two-cycle Diesel, op- 

posed-piston, 12 deg 

offset 15.29 720 1300 


and yw is the fraction of stroke from inner dead center to the piston 
position when the ports are just covered. The value of « was 
taken as zero for the four-cycle engines. 

The compression curve in set B2 has been modified from thet 
originally presented to simulate the effect of throttling. The 
lack of this in the original set was pointed out by Professor F. M. 
Lewis at the Dec. 1, 1941, meeting. 

The family of indicator diagrams and torque/AR curves of the 
various sets are given in the illustrations. The harmonic co- 
efficients of these torque/AR curves were calculated by schedule 
methods using equally spaced ordinates with 36, 48, 60, or 72 
per period. The results are given in the accompanying tables. 
which give the sine and cosine components and the resultants of 
the torque/AR curves at one crank due to gas pressure. In the 
tables 


r = order number 
a, = rth sine harmonic coefficient 
b, = rth cosine harmonic coefficient 


V/ a? + 6b? = resultant harmonic coefficient which is often 
; designated by symbol m 


Unfortunately space does not permit including both tables of 
the harmonics and graphs of the resultants plotted against mean 
indicated pressure (mip), as were originally prepared. However. 
in choosing between the two means of presentation, the author 
has used the tabular form believing that this will provide the most 
information to the reader in the space available. It is suggested 
that the reader use the values in these tables to plot his own curve= 
of harmonics as ordinates and mip as abscissas. 
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Discussion 


Plastic Flow as an Unstable 
Process' 


D. Morkovin.? Dr. Donnell’s explanation of the wedgelike 
regions of plastic flow, suggested by him originally in 1933, and 
published in this paper, achieves excellent clarification of this 
phenomenon of such a common occurrence in mild steels. 


The author’s reasoning concerning the plastic flow in bars, 


under torsion is confirmed by the experimental results of K. 
Yuasa‘ on mild steel. Yuasa’s photograph of an etched section, 
perpendicular to the axis, of the twisted bar, looks like the 
author’s Fig. 2. The etched flow figures in the longitudinal 
section of the twisted bar are shown in Fig. 1 of this discussion. 
They indicate that the flow regions spread longitudinally through 
the whole bar, as suggested schematically in the author’s Fig. 6. 
Because of the twisting of the bar, the flow regions, initially 
nearly plane, are twisted to helical shape. That is the expla- 
nation of the peculiar appearance of the etched axial section of 
Fig. 1 of this discussion. The author’s conclusions, that flow 
regions, spread over the whole length of the bar as shown in his 
Fig. 6, grow radially and increase in width and number, check 
with the angle measurements performed by Yuasa. 

The author reasons that the flow takes place in planes of maxi- 
mum shear stress, and should, therefore, start and spread with 
equal ease in planes perpendicular to the axis as in axial planes. 
There is also experimental evidence of the flow regions in planes 
perpendicular to the axis.‘ 

Nakanishi coated round torsion specimens with brittle enamel. 
After reaching the yield point in torsion, the enamel flaked off on 
one or several ringlike sections as seen in Fig. 2 of this dis- 
cussion. These yielded regions spread, with further twisting, over 
the entire specimen. Nakanishi also drew a net of equidistant 
longitudinal and circumferential lines on the surface of a torsion 
specimen. Measurements of the changes of their angles during a 
torsion test showed that the lines, which were initially parallel to 
the axis, after passing the yield point, suddenly exhibited a break 
and an inclination over a short length of the cylinder. With 
further twisting, this constant inclination spread over the entire 
length. Longitudinal (axial) sections of the specimens at two 
different stages of yielding, with wedgelike regions of flow, are 
shown in Fig. 3 of this discussion. 

In the last paragraph of his paper, the author mentions that 
there seems to be no ready explanation for the fact that the flow 
regions seldom form in the circumferential direction. He gives 
the “grain” and anisotropy of manufactured bars as possible 
reasons. The writer checked on the pertinent stress-concentra- 
tion factors in other sources besides those given in the author’s 
references (5) and (6). From Neuber® it appears in confirmation 
of the author’s findings that the stress-concentration factors, 


1 By L. H. Donnell, published in June, 1942, issue of the JouRNAL 
or APPLIED Mecnanics, Trans. A.S.M.E., vol. 64, 1942, p. A-91. 

2 Instructor, Department of Theoretical and Applied Mechanics, 
University of Illinois, Urbana, Il. 

3“Forminderung und Spannungsverteilung in der Nihe der 
Streckgrenze bei Flussstahl,’’ by K. Yuasa, Archiv fiir das Eisen- 
hiittenwesen, vol. 7, 1934, p. 490. 

4“On the Yield Point of Mild Steel,”” by F. Nakanishi, Reports 
of the Aeronautical Research Institute, Tokyo Imperial University, 
vol. 6, 1931, pp. 83-140. 

5 “Kerbspannungslehre,” By H. Neuber, Julius Springer, Berlin, 
1937, equation 158, p. 55, and equation 162, p. 56. 


Fiagures LONGITUDINAL SECTION OF 
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Fic. 2 FLAKING oF ENAMEL ON RounpD TORSION SPECIMENS 


LONGITUDINAL SECTIONS OF SPECIMENS AT Two DIFFERENT 
SHOWING WEDGELIKE ReEGIons oF FLow 


Fic. 3 
STaGes OF YIELDING, 


which, according to the author, cause spreading of the flow re- 
gions either longitudinally or circumferentially on the surface of 
the specimen are equal for notches or defects of equal form. 

Stress-concentration factors, which would be the cause of 
the spreading of the flow regions inward toward the axis of the 
specimen, are treated by Neuber® and Rossbach,? among others. 
Neuber finds, by mathematically rigorous treatment, that the 
shear-stress-concentration factor at the bottom of a deep cir- 
cumferential notch during torsion 1s 


1 + Vt) p.... 


The depth of the notch is ¢, and p is the radius of curvature of the 
notch bottom. For the shear-stress-concentration factor at the 
bottom of a very shallow longitudinal notch during torsion, 
Neuber' finds the same stress-concentration factor as in Equation 
[1] for the circumferential notch. Rossbach’ arrives at the same 
value of the stress-concentration factor at the bottom of a very 


6 Ref. 5, pp. 124, 127, and 133. 

7™“Zum Torsionsproblem des gekerbten Kreisquerschnittes,”’ by 
H. F. Rossbach, Ingenieur-Archiv., vol. 10, 1939, p. 151. 

8 Ref. 5, Equation 14, p. 133. 
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shallow longitudinal notch as Neuber, by a different approach. 
For deeper notches, however, Rossbach’s® solution gives shear- 
stress concentrations, for the longitudinal notch, that are consist- 
ently higher than those calculated by Equation [1] of this dis- 
cussion, which is supposed to apply to shallow circumferential 
notches as well as to longitudinal notches, including deep ones. 
According to that, as soon as the depth of the notch is different 
from zero, the stress concentration at the bottom of a longitudi- 
nal notch is higher than that at the bottom of a circumferential 
notch of the same shape, the difference increasing with the depth 
of the notch. Thus, the preponderance of longitudinal-flow 
regions over the circumferential ones may be understood. 

The material for torsion specimens is practically always taken 
from rolled bars in such a way that the axis is in the direction of 
rolling. Thus, if any fibrous structure at all is present, the fibers 
are located in a longitudinal direction. Also, any particles of 
slag which may be present are elongated and form longitudinal 
flaws. Thum and Federn’® find that the influence on fracture 
of any fibrous structure overweighs the influence of any cross- 
grinding or machining scratches. In case of absence of fibrous 
longitudinal structure, the presence of circumferential machining 
and grinding scratches acting as stress raisers may, however, 
explain the occasional occurrence of circumferential-flow regions. 
It is also conceivable that the specimen shape, and the action and 
alignment of the testing machine, may have some influence on 
the direction of flow. 

The author’s reasoning in the sections, “Explanation of Radial 
Growth of Plastic Regions,” “Even Distribution of Plastic 
Regions,” and “Increase in Width of Plastic Regions’ applies 
equally well to the flow described by Nakanishi. 

The author’s mechanism of sliding, as shown in Fig. 7 of the 
paper, is apparently supposed to be only a schematic, or symbolic 
picture, which does not pretend to show what actually takes 
place in the material, but rather illustrates in simplified manner 
the final results. This picture of plates sliding over each other, 
as shown in his Fig. 7, approximates the conditions in a single 
crystal. In polycrystalline material, such a process is compli- 
cated by the fact that the direction of slip changes from grain to 
grain, and by the presence of grain boundaries. This apparently 
results*in simultaneous bending, as well as slipping, of lamellae. 
Also the conception of the seizing of the sliding plates due to the 
heat of friction is of a symbolical nature. Newer views on slip- 
ping and stiffening of yielded material are somewhat different. 
The author’s conception of yielding and stiffening may be over- 
simplified and too macroscopical, but the results of his reasoning 
are not invalidated thereby. 

Finally, it is to be stressed that wedgelike flow regions, as 
described by the author, are limited practically exclusively to 
mild steels. In other plastic materials, which do not possess such 
a sharply defined yield point, flow regions of this kind are not 
found. The explanation of this distinct behavior of mild steel 
lies in the field of crystallography. Alpha iron crystallizes in 
body-centered cubic lattice, while, e.g., copper and aluminum 
crystallize in face-centered, and zine in hexagonal, systems. 
Plastic slipping, according to modern views, is similar to a chain 
reaction.!! Therefore, it runs out into emptiness in alpha iron 
(which is less densely packed) more frequently than in the cases of 
copper, aluminum, or zinc. Therefore the stress-strain curve of 
polycrystalline iron is only slightly higher (in distinction to those 
of other metals) than the stress-strain curve for a single crystal. 
The high stress necessary to cause yielding of any extended degree 


® Ref. 7, Fig. 6. 

10 “Spannungszustand und Bruchausbildung,” by A. Thum and 
K. Federn, J. Springer, Berlin, 1939. 

11 Compare, e.g., U. Dehlinger: ‘‘Plastische Eigenschaften der 
Werkstoffe,’’ Metallwirtschaft, vol. 20, no. 7, 1941. 
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in iron can be explained by the foregoing initial difficulty in 
propagation of slip through the less densely packed atoms. How- 
ever, once the yield point is reached, the flow takes place easily. 
The reason is that, due to the same less dense packing, the slip 
planes in alpha iron are not exactly defined crystallographically. 
The slip is thus not limited to one (or four) possible planes as in 
hexagonal (or face-centered) systems. The flow can proceed, 
once the yield point is reached, without further extensive bending 
and rotation of the lamellae of neighboring grains into the direc- 
tion required for thoroughgoing slip. The slip propagation, after 
the yield point is reached, is thus practically self-actuating and 
self-propagating, and the condition is that of instability. 


E. A. Davis.'2 Mr. Donnell has brought out very clearly the 
fact that “localized yielding” is a complicated process which 
cannot easily be described in any unique manner. This is indi- 
cated by his explanations of different types of localized flow. 
The writer agrees in general with the remarks made in the paper 
and would like to compliment Dr. Donnell on his thoughtful 
approach to the problem. The following remarks on the matter 
of localized yielding that occurs at the yield point in a low-car- 
bon steel may throw additional light on the subject: 

When mild steel flows at the yield point, it behaves as though 
it would like to strain several per cent, and one of the problems 
that has to be considered in interpreting the yield-point phenom- 
ena is the joining together of regions that have large strains 
with regions that are only strained elastically. This fitting 
together of the two regions will set up stresses at the boundaries 
which may add to or subtract from the stresses set up by the 
external loads. This explains why the solid bar in torsion does 
not deform as in Fig. 1 of the paper for that would require that 
the outside region of the bar would have to rotate through a 
larger angle than the unyielded interior. 

It is not so clear though why the material chooses to flow along 
a certain preferred plane of maximum shear stress. If a solid bar 
of mild steel of square cross section is twisted in torsion the first 
flow lines will form almost entirely in the axial direction. If a 
hollow cylindrical specimen is twisted, the lines will form in both 
maximum shear directions. If a solid cylindrical bar is twisted, 
there seems to be a tendency for the lines to form in the axial 
direction as described in the paper. 

This behavior and others of a similar nature in different tests 
leads the writer to believe that the localized flow of mild steel at 
the yield point cannot be explained by a consideration of the 
stresses alone, but that some attention will have to be given to 
the possible distribution of strains. The flow lines will probably 
predominate in that direction favoring the fitting together of re- 
gions plastically deformed with regions in the purely elastic state. 


W. Pracer." In connection with this interesting paper, the 
writer would like to mention a mathematical theory of the spread- 
ing of Liider’s lines which he worked out 10 years ago and which 
is published in a mimeographed account of lectures on “plastic- 
ity” which were given in 1932, at the University of Géttingen. 

The stress-strain diagram in pure shear is assumed to be of the 
shape shown in Fig. 4 of this discussion. On a half plane under 
uniform shear a plastic region, similar to the wedge-shaped 
regions described by the author, is supposed to have developed. 
In order to simplify the mathematical work the lateral bounda- 
ries of this region are taken as portions AB and DE (Fig. 5 of 
this discussion) of two parallel straight lines perpendicular to 
the boundary of the half plane. It is then shown that the rest of 
BCD of the plastic-region boundary can be determined in such a 


12 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
13°Professor of Applied Mechanics, Division of Engineering, 
Brown University, Providence, R. I. 


DISCUSSION 


manner that the shearing stresses satisfy the following conditions: 

1 In the not yet plasticized elastic region the distribution of 
shearing stresses verifies the equations of elasticity and tends, 
moreover, to become uniform as the distance from the plastic 
region increases. The shearing stress at infinity may have any 
given value between 7; and r2 (Fig. 5). 

2 In the elastic region the shearing stress has the constant 
value 7 in all points of the are BCD. 

3 In the interior of the plastic region the shearing stress has 
the constant value 72. 

The method used to determine the are BCD is rather similar 


4 E 


Fic. 5 BouNDARIES OF PLASTIC 
REGION IN SHEAR 


Fie. 4 Srress-STRAIN DIAGRAM 
IN SHEAR 


to that used in hydrodynamics 
to find the shape of a jet. It is 
found that in the stress distribu- 
tion fulfilling these conditions the 
shearing stress in the elastic 


region will assume values along 
AB and DE which are smaller 
than 7;. This explains why the 
plastic region will spread not in 
breadth but in length thus lead- 
0 ing to the formation ofa Liider’s 


6 line. 

If the stress-strain diagram in 
tension is assumed to have the 
shape indicated in Fig. 6 of this discussion, it can be shown that a 
state of stress and strain represented by a point between certain 
points A and B is unstable. The points A and B have to be 
determined so as to render equal the shaded areas of Fig. 6. 
Having reached the state A, the material will either, by a sudden 
increase of extension, jump from state A to state B or, if pre- 
vented from doing this, will follow the stress-strain curve be- 
yond A. The states of stress and strain the material reaches in 
this case will, however, be unstable and the material will jump to 
state B as soon as it is free to assume the corresponding extension. 

The tensile test does not reveal such a discontinuous behavior 
but seems to give a continuous sequence of states of stress and 
strain, represented by the points of the straight line AB. This 
apparently continuous transition from A to B is brought about 
in the following manner. 

Not all the material of the test specimen will jump at the same 
time from A to B as this would lead to a sudden increase in length 
of the specimen which most testing machines do not allow for. 
As the amount of material in the state B increases gradually the 
elongation of the specimen will do as well. An application of 
these ideas to the case of pure flexure has been published by the 
writer. !4 


StRess-STRAIN DIAGRAM 
IN TENSION 


Hans RetssNer.'§ Dr. Donnell’s paper solves in a very satis- 
factory manner a problem which has been a riddle for a long time. 
The phenomenon of the periodic distribution of layers of yielding 
material in a state of stress (thought to be homogeneous) has been 

4“Die Fliesstgenze bei behinderter Formiinderung,” by W. 
Prager, Forschung auf dem Gebiete des Ingenieurwesens, 1933, p. 95. 

18 Tlinois Institute of Technology, Chicago, Ill. 
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explained by the random distribution of minute weak spots and 
their propagation by stress concentration and the appearance of 
protected areas on both sides of the yielding layer. The lateral 
growth of these layers afterward, because of strain hardening of 
the first yielding layers, is also a very convincing theory. 

The phenomenon, which the author mentions at the end of his 
paper, of the rare occurrence of yielding layers in the cross 
sections of twisted bars and for which he only tentatively gives 
the explanation of grain anisotropy, should lead to the experi- 
ment to cut bars transversely out of rolled material and twist 
them up to the yield point. 

In his more qualitative discussion, the author uses the results 
of a stress-analytic paper of his, concerning the stress concentra- 
tion around an elliptical discontinuity. The very peculiar singu- 
larity of the stress zero and infinity appearing mathematically at 
the same point when the ellipse shrinks to a double line makes it 
desirable to approach the question of a linear fissure also by the 
problem of two elastic half spaces forming one body, except in 
this fissure; thus transition to an infinitely thin ellipse would be 
avoided. 

However, in any case, the fact that, at the ends of a thin 
elliptical discontinuity, a very rapid change and a concentration 
of shear stress arise, cannot be denied. 


AUTHOR’s CLOSURE 


The author wishes to thank the discussers for their very inter- 
esting comments. The ideas expressed in the paper are admit- 
tedly only ‘fone way of looking at it.” 

The author does not understand some of Mr. Davis’ remarks 
such as that the condition shown in Fig. 1 of the paper, would 
require the outside of the bar to rotate through a larger angle 
than the interior. The angles of rotation of the outer and inner 
parts are unquestionably practically the same, but due to the 
greater radius the strains are larger in the outer part. Plastic 
flow does not necessarily involve strains of “several per cent,” 
but only strains slightly more than the material can withstand 
elastically. 


Graphical Solution of Fluid- 
Friction Problems’ 


C. A. Meyer.? A graphical method is described in the paper 
by means of which the solution of certain fluid-friction problems 
can be obtained directly, avoiding usual trial-and-error methods. 
Following is another method which gives the same result. 


TERMINAL SPEED OF A FALLING SPHERE 


Equations [3] and [4] of the paper give the definitions of the 
resistance coefficient and Reynolds number, respectively 


This experimentally determined functional relation is given in 
Fig. 1 of the paper. 


Problem: 


Case I. Given the particle diameter and other necessary data, 
to compute the terminal velocity. 

1 By E. S. Dennison, published in the June, 1942, issue of the 
JoURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 64, 1942, p. 
A-82. 

2? Research Engineer, Westinghouse Electric & Manufacturing 
Company, South Philadelphia, Pa. Mem. A.S.M.E. 


| 
/ 
4 — d dv 
R=—.......{4] 
p v 
Resistance coefficient y is a function of the Reynolds number R 
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Fig. 1 of the paper, which shows y = f(R), can be altered to 
give either 


VR? =f\(R) or yR* = fr(y) 


The new dimensionless quantity yR* does not involve the 
velocity v. Therefore either of the foregoing plots can be used to 
determine the terminal velocity without trial-and-error methods. 

Case II. Given the terminal velocity and other necessary 
data, to compute the particle diameter. This case can be solved 
using a similar method as used for Case I. 

Plot either = f;(R) or Y/R = f(y). The new dimension- 
less quantity Y/R does not involve the diameter so that either R 
or y and thus the diameter can be directly obtained without use 
of trial-and-error methods. 

In fact, Case I and Case II can both be solved by plotting, from 
the data of Fig. 1, the relation YR? = f;(y/R). 

The pipe problems, Cases III and IV, are solved by using the 
data of Fig. 2, and by plotting either 


AR? = f.(R) or AR? = f7(d) (Case ITI) 
/R = or = (Case IV) 


Cases III and IV can both be solved without trial-and-error 
methods using the single curve \R? = fio(A/R) which can be 
drawn from the data of Fig. 2. 


and either 


AUTHOR’s CLOSURE 


It is interesting to note that trial-and-error procedures can be 
avoided by other means than those indicated in the paper as 
Mr. Meyer has shown. Nevertheless the author wishes to point 
out certain advantages which recommend the methods he has 
given: 

(1) The construction is made in the ¥-R diagram in its origi- 
nal form and does not necessitate replotting. 

(2) All pertinent results are given directly. For example, in 
Case I, the construction yields », R, and y by direct reading, 
rather than by a further manipulation of the data. 


Book Reviews 


Heat Transmission 


Heat Transmisston.! By William H. McAdams, Professor of 
Chemical Engineering, Massachusetts Institute of Technology. 
Sponsored by the Committee on Heat Transmission, National 
Research Council. Second edition, revised and enlarged. McGraw- 
Hill Book Company, Inc., New York, N. Y., 1942. Cloth, 6 * 9 
in., xiv and 459 pp., 28 tables, 206 figs. $4.50. 


REVIEWED By L. M. K. Bore.TEeR? 


HE second edition of the book entitled ‘(Heat Transmission,” 

by W. H. McAdams, is indeed an inexhaustible mine of ex- 
perimental information expertly formulated, either graphically, 
or empirically, and whenever possible, analytically. The mag- 
nitude of the task may be gaged by observing that the author 
includes 855 bibliographical entries which if distributed over 
the 377 pages of the text would allow less than one-half page 
for the discussion or pictorial representation of each. In com- 
parison, ten Bosch in “Die Warmeiibertragung”’ lists 316 refer- 
ences for 240 pages of text. 


1 As in the case of the first edition, readers may borrow from the 
author the large tracings from which charts in the second edition 
are reproduced. Planographs (81 X 11 in.) of Figs. 8, 9, and 10 
are available. 

? Professor of Mechanical Engineering, University of California, 
Berkeley, Calif., and Agricultural Engineer in the Experiment 
Station, Davis, Calif. Mem. A.S.M.E. 
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No criticism can then be implied if it is noted that pertinent 
material of some of the references is not included, or that some 
important literature references and subdivisions of the field of 
heat transfer receive but a scant line. The tabulation of these 
references and the expertise displayed by the author in the 
treatment thereof deserves favorable mention. 

A study of the bibliography reveals direct reference to a 
number of engineering theses. Specifically, the flow data of 
Koo (u+ vs y+) are published for the first time. The reviewer 
commends the procedure which will give the reader a glimpse 
of the content of unpublished engineering theses. The number 
of Russian references included is also noted. 

The chapter titles are as follows: 1, Conduction; 2, heating 
and cooling of solids; 3, radiant heat transmission; 4, dimen- 
sional analysis; 5, flow of fluids; 6, introduction to heat transfer 
between fluids and solids; 7, heating and cooling fluids inside 
tubes; 8, heating and cooling fluids outside tubes; 9, condensing 
vapors; 10, heat transfer to boiling liquids; 11, applications of 
design. 

The second edition represents a decided improvement and 
increase in scope over the first. The author has made a con- 
scientious attempt to give a complete and “last-minute” view 
of the fast-growing field of heat transfer. The additional and 
more complete list of physical properties is especially weleome. 

The book will serve adequately, both as a source of experi- 
mental results for the designer, and as a course reference or 
text. The author possesses the faculty of accurately evaluating 
the experimental work of others and presenting the results in a 
form which is useful. 

Because all of the results are presented in generalized form, 
the designer will perforce prepare, from the data given in the 
text, charts and graphs directly applicable to his particular 
problem. The chapter on applications to design deserves 
particular attention. 

The book will also serve as a text in a course on the theory of 
heat transfer, particularly if the derivations are amplified by the 
instructor. A goodly number of problems are included through- 
out the book. It is repetitious to state that it will serve ade- 
quately as a reference for a mass of experimental data. Lacking, 
from the point of view of the mechanical engineer, is the treat- 
ment of transients in systems of lumped and distributed parame- 
ters. The inclusion of the thermal-circuit concept, although 
only applied directly to the unidirectional steady state, is com- 
mendable. 

The chapter on dimensional analysis will aid the reader greatly 
in understanding the basis of the many dimensionless moduli 
which are encountered in the study of the field of heat transfer. 
However, the reviewer prefers derivation of these moduli from 
the differential equations whenever these equations can be 
written. 

In passing, the reviewer wishes to mention that the range of 
variables presented in some of the heat-transfer correlations is 
exceedingly great. The independent variable, for example, 
Grashof times Prandtl (Gr-Pr) covers a range of 10'* for the 
experimental results presenting the thermal behavior in free 
convection of a horizontal cylinder. 

Upon reading a work such as McAdams’ “Heat Transmission,” 
many items which might have been mentioned or which could 
bear amplification are brought to mind. But the magnitude 
of the work obviously precludes inclusion of more material in a 
book of reasonable size; thus the reviewer has not felt justified 
in listing his reactions. 

Typographical errors which are very few in number are rapidly 
being corrected by the author and publishers. 

The book may be recommended to the earnest student of heat 
transfer, whether he be in industry or the university. 
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Stresses and Displacements in a Rotating 


Conical Shell 


By J. L. MERIAM,' BERKELEY, CALIF. 


The analysis of shells is an important subdivision of the 
general theory of elasticity, and its application is useful 
in the solution of engineering problems involving thin- 
walled structures. A common type of shell is one which 
possesses symmetry with respect to an axis of revolution. 
A theory for such shells has been developed by various 
investigators (1, 2, 3, 6)? and applied to a few simple cases 
such as the cylindrical, spherical, and conical shapes. 
Boundary conditions, for the most part, have been simple 
static ones, and conditions of surface loading have been 
included in certain special cases. This paper’ extends the 
theory of axially symmetrical shells by including the body 
force of rotation about the axis and applies the results to 
the rotating conical shell. The analysis follows a pattern 
established by several investigators (1, 2, 3, 6) and for this 
reason is abbreviated to a considerable extent. Only 
where the inclusion of the body force makes elucidation 
advisable or where a slightly different method of approach 
is used are the steps presented in more detail. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


ro = radius of parallel circle 
ry = radius of meridian curvature 
ry = distance from shell to axis of rotation, measured 


along normal to meridian 
l = distance along cone element, measured from vertex 
h = shell thickness 
¢ = angle between axis of rotation and normal to meridian 


a = angle between axis of rotation and an element of cone 
6 = angle measured about axis of rotation in plane 
normal to axis 
p = mass per unit area of shell 
w = angular velocity of shell 
Ng, N,; = meridian membrane forces per unit length of shell 
section 
Ne = membrane force tangent to a parallel circle per unit 
length of the meridian (“hoop’’ stress) 
Qe, Q = shearing forces in plane perpendicular to meridian 


plane per unit length of shell section 
My, M, = bending moments in meridian plane per unit length 
of parallel circle 
Msg = bending moment in plane perpendicular to meridian 
plane per unit length of meridian 


! Instructor in Mechanical Engineering, University of California. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

* This paper summarizes a thesis submitted to Yale University in 
partial fulfillment of requirements for the degree of Master of Engi- 
neering, 1941. 

Presented at the Annual Meeting, New York, N. Y., Nov. 
30-Dec. 4, 1942, of Toe AMERICAN Soctpty OF MECHANICAL ENGI- 
NEERB. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1943, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Fig. 1 Forcgs anp BanpInG MomMENTS ACTING ON AN ELEMENT 
OF AN AXIALLY SYMMETRICAL Rotatine Apout Its GEOMETRIC 
Axis 


Fic. 2. Forces Actine tn PLANE OF MBRIDIAN ON AN ELEMBNT 
or SHELL 
R = body force of rotation per unit area of shell 
v,w = components of displacement 
¢ = radial displacement 
€y, @ = strains along meridian and perpendicular to meridian 


along a parallel circle, respectively 
Xp» X0 changes of curvature in plane of meridian and in 
plane perpendicular to meridian, respectively 
vy = Poisson’s ratio ; 
E = modulus of elasticity 
D = flexural rigidity 


GENERAL THEORY FOR RortatinG SHELLS HavinG AXIAL 
SYMMETRY 


Consider an element ABCD of the shell, Fig. 1, defined by 
two meridian planes and two parallel circles. Equating the 
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forces in the direction tangent to the meridian, Fig. 2, to zero 
gives 


d 
(Nero) — Neri cos ¢ — + pw*riro? cos = 0... [1] 


The equilibrium of forces in a direction normal to the meridian 
requires that 


d 
de (Qero) + Nori sin ¢ + Nyro — pwriro? sin ¢ = 0... [2] 


A third equation of equilibrium is obtained by setting the mo- 
ments about edge CD equal to zero. These are all obvious except 
for the moment which Mg exerts about CD. With the help of 
Fig. 3 which shows Mg¢ in vector form, the moment equation is 


d 
— (M pro) — Mor, cos ep—Qyriro = 0......... [3] 
dy 
From Fig. 4 the strain along the meridian is e, = aa ee 
1 


and the corresponding strain in the circumferential direction is 


1 v 
@=— —u). Substituting the foregoing strains in 


re \tan ¢ 
the familiar Hooke’s law relations gives 


1— »? r; dg T2 tan ¢ ” 

Eh vw (dv 


The rotation of the element in the meridian plane at A, Fig. 4, 


Fie. 4 DispLACEMBNT OF AN ELEMENT OF SHELL IN PLANE OF 
MBRIDIAN 


oO 
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ldw, 
is — + — — in a clockwise direction and the change in rotation 
de 


d ld 
between A and D is then a (2 + - iw) dg. The change in 


rdg 
curvature of the meridian becomes 


The rotation of the element in a plane perpendicular to the 
meridian plane is obtained from Fig. 5 where the vector J denotes 
the average rotation‘ of side AD which was found previously to 


oo 


(a) (6) 

Fic. 5 AveraGe Rotation J 1N PLANB OF MERIDIAN OF AN 
ELEMENT OF MERIDIAN, EXPRESSED IN VeEcCTOR FORM 
(Opposite convention to that of the right-hand rule.) 

The component of rotation in the plane per- 

pendicular to the meridian is obtained by resolving J twice as 

de 

shown in Figs. 5(a) and (b) and is J 2 cos ¢. By symmetry the 


resulting components for the sides AD and BC are additive and 


1d 
the total rotation is J cos = +- cos Dividing 
r, de 
by the length AB gives for the change in curvature 
2455) (6) 
Xe 


The moments My and Mp are related to the changes of curva- 
ture by the well-known expressions (3) 


Myo +9 

3 
where D = 120 — >)’ the flexural rigidity of the shell. Substi- 


tution of Equations [5] and [6] in Equations [7] yields 


1 dw v 
M, = —D|-—(-+-= 


1 
rmtang\n dp \n 


‘The direction of the vector J is arbitrarily chosen opposite to 


that specified by the right-hand rule in order to clarify the figure. 
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Equations [1], [2], [3], [4], and [8] give seven relations in the 
seven unknowns Ny, No, Q,, My, Mo,v, w. The rearrangement 
of these equations into a form suitable for solution is due to 
E. Meissner (6) who introduces the new variables U = r.Q, and V 

v 1 dw 
=-+-—-—. After considerable manipulation and by limiting 
rT, de 


1h 
the discussion henceforth to shells of constant thickness (¢ = 0), 
dg 


the defining equations may be reduced to 


To au 1 d To 2 dU 
VEh = —— + + |— | 


— vp] U — pw? — sin ¢] (387: 
ry | 


dr 
+ wrijcos ¢ + 3 sin g — ... 19} 
dg 
| 
} 


dV 
Dn? dy? rn de \n de 


1 | etn? 
To 


These equations can be greatly simplified by 
Meissner’s operator 


etn? 


introducing 


re 


Also let 


Ir, 
T = pw* sin ¢ + cos ¢ + 3 sin ¢ .{11] 
1 de 


Equations [9] then become 


) 
L(U) U = VEA+T | 
(12] 
| 
D 


Operating on the first of these with L(...) gives 


U 
LL(U) + = EhAL(V) + L(T), which when combined 


1 
with the second yields 


2 
LI(U) + (“) L(U) + (4 U = L(T) — = T 
r D 


r;? 
[13] 
In like manner is obtained 
V Eh y? 


For the case of constant radius of curvature r,; = const and 
Equations [13] and [14] become 


LLU) + = LT) 


LL(V) + = 


Eh 
D r,? 


where ut = Both of these equations are linear and of 


the fourth order and have the same complementary solution. 
The complementary equation is 


This may be factored to 


L{L(U) + — iv?[L(U) + 


or 


L[L(U) — iv?U] + — = 0 


which indicates that the complementary solution is the sum of 
the two solutions of the two equations 


Tue Roratinc ConicaL SHELL 
Using the co-ordinates of Fig. 6 gives — = ~,a = 
dey dl 


Fic. 6 TRUNCATED SHELL 


lsin a, re = 1 tana. With these substitutions the 


defining relations, Equations [1], [2], [3], [4], [8], and [11] for 
the conical shell are 


d 

— Ne + pwl? sin? a = 0 

€ 

d 
il (Ql) + Ne etn a — pwl? sin a cos a = 0 


i 
(Ml) —Ql— Me = 0 
dl 


Eh |d 
N, = [G+ 


1 — dl l 
Ny = = tn a) 
d?w v dw 
M, = —D|— +-— 
p 
1 dw 
p[ 


N, = —Q,; tan @ 


sin’ @ 


T = (3 + v)pwl? 
cos 


where the subscript / replaces gy. Also the variables U and V 
become 


U = tan a, dl 
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and the operators L(...) and LL(...) are 


nel al i | ) 4 
LL{...) = tan? a E +a - the remaining stresses, moments, and the displacements can now 
be found from Equations [18]. Those of interest are 


For simplification let \4 = and k = (3 + v)pw? cos? a. Vv, = [24] 
With these substitutions, Equation [16] becomes 


2\? tan a 2 4 
dl‘ 
. 2 4 7 7 2 4 2 
The problem is now reduced to the solution of this fourth-order + 
The complementary solution of Equation [19] is more easily oe a 3k 7 
obtained from the factored forms, Equations [17], which give + tan? + pwl? sin? « 
PQ) dQ) @Q)_. 
— AG) = 0...... 20 
al + dl [20] 9 21 — ») 


By changing the independent variable to n = 20V il the first of 


Equations [20] becomes Bessel’s equation of order 2 which is (. + ») 5 z,') 
d(Q,!) 
+ — = 0 ‘ (x. 2(1 ») 4(1 — ») ) 
«ae 4 z 


In terms of the ber, bei, ker, kez functions of the first and second 


kinds and of argument ziVi the sum of the two solutions for i (- Z,' + 2(1 — ») %y + 4(1 — ») 7) 
Equations [20] may be written (5, 1, 4) 2 . z? 
2 2 k 
= A; Ee | he + (24 ») ltan a... [26) 
2 2 ¢ = elsina 
+ As | Zs(z) + | + Ac] — Z3'(z) |. . [21] 
_ Ztana sina A + ») 
r= avi 
, 21+») 41+») 
Zi(z) = berz + As (z. ) 
(z ,__ 21 + ») 4(1 + ») 
= — kei x z 
, “1 +) 
Z(z) = + Aa (z. )| 
and primes indicate derivatives with respect to z. 3k (1— tan?asina sin? a 
The particular solution of Equation [19] is seen to be Eh 


These equations may be applied to a particular shell by determin- 
ing the A’s from the assigned boundary conditions. 

The independent variable z = 21/1 is a function of h, l, a. 
For a given shell h and a@ are constant, so in order to obtain 


and, consequently, the complete solution of Equation [19] is 


2 2 ) numerical values for the boundary Z’s it is necessary to fix the 

Qu = Ai (2 + + As (z.— slant height For the complete shell the ratio = 20 is 
taken and for the truncated shell l,/h = 20 and L/l, = 4 are 

(2. + z.') (2. = 2 ..{23] used. The subscripts and refer to the inner and outer edges 

2 2 of the shell, respectively. For z < 10 tabular values for the 

Z’s (4) were used, and for z > 10 the values were computed from 


3k 
+ " ltana J the asymptotic forms (3, 4). These computations were simplified 
by taking z/+/2 as the independent variable. The value of z 
where Z stands for Z(zx). for the outer edge is 
Using the recurrence relations (1, 3, 4) a ee 
V3(1 — »*) [4 
Z; Vis tan @ h 


Using = 20.and » = 0.3 gives = 16.2589//tan a. Solu- 
= tions are made for the following four values of a 
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Sample value: 
N,* 0.57 
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(d) 


Fic. 7 Srresses anp BENDING MoMENT IN 4 ComPpLetTe RovraTinG 
ContcaL SHELL 
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= 12°53’ 
= 42°32’ 
n/V/2 = = 64°10’ 

m= = 86°32’ 


ComMPLETE CoNICAL SHELL WITH FREE OvuTER EDGE 


The free outer edge of the cone gives the two conditions Q,; = 0 
and M, = Oforl =. For the vertex as x approaches zero Z, 
and Z,’ increase without limit, which requires that A; = Ay = 0, 
since otherwise an infinite stress would result. Substitution of 
the boundary conditions into Equations [23] and [26] for the 
four separate values of a yields the following results for A; and 

. — 3k tan a 
Ay in terms of P = aa 


a A Ao 
86°32’ — 3.9998 P —9.2769 P 
1.9498 —0. 20679 
— 0.10422 0.11422 P 
—11.099 KX 10°*P 1.6539 X P 


4 

11.314 
16.971 
33.941 
Using these results together with the tabular and computed 
values for the Z-functions Ng, N,, M;, are found and are plotted 


OUTER RIM DEFLECTION, 


60 

CONE ANGLE, %,° 
Fie. 8 Rapiat Rim DEFLECTION FOR A COMPLETE ROTATING 
ConicaL SHELL; TRUNCATED ConicaL SHELL WITH BotH EpGESs 


FREE; AND A TRUNCATED CoNnICAL SHELL WITH FIxED INNER EDGE 
AND FREB OUTER EDGE 


in Fig. 7 (a, b, c, d) for the four shells, and the radial rim de- 
flection {2 = ¢; =), is plotted in Fig. 8. 
TRUNCATED CoNICAL SHELL WiTH Botu EpGrs FREE 


The unconstrained edges for the truncated conical shell give 
the four conditions Q, = 0, M, = Ofor! = l, and Q, = 0, M, = 
0 for! = 1,. For these conditions to be satisfied all four of the 
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constants A,, Az, A3, Aq must be used. Equations [23] and 
[26], together with these requirements, give the following values 
— 3k tan 
for the A’s in terms of P = <eeammere = 


a Ai Ao Ay Ag 

86°32’ 4.1208 P —9.1971 P 0.46961 =—7.0944 P 

64°10’ 1.9498 P —0.20679 P -—4104.8 P 21530 P 

42°32’  —0.10422 P 0.11422 —479420 P 218460 P 

12°53’ —11.099 X 1.6539 X —2365.1 X 6.1388 

10-8 P P 108 P 106 P 

In these solutions except for the case of z2 = 4 it is not necessary 
to solve four simultaneous equations, because it is found that for 
large values of x the constants A; and A, have very little effect 
upon A; and A, when the boundary conditions at the outer edge 
of the shell are considered. Consequently, A; and Ay may be 
dropped for this calculation. Terms As and A, are found from 
the boundary condition equations for the inner edge by sub- 
stituting the calculated values of A; and Ao. 

The resulting stresses No, N,, M, are plotted in Fig. 9 (a, b, 
c, d), and the radial-rim deflection is shown in Fig. 8. 


TRUNCATED CoNICAL SHELL WITH FIXED INNER EpGr 


Consider a rotating conical shell whose outer edge is free and 
whose inner edge is rigidly clamped, as indicated in Fig. 10 (a, 


dw 
b, c, d). The two inner edge conditions are V = a = 0 and 


¢ = 0 for 1 = l, and the two outer edge conditions are Q; = 0 
and M, = 0 forl = lk. For the case of z, = 4 the constants 
A;, As, As, Ay must be found by the simultaneous solution of the 
four condition equations. For the other cases the approximate 
method described for the previous set of boundary conditions 
may be used with sufficient accuracy. The results are as follows: 


Ai Ao As Ag 
—3.8622 P —9.3571 P 0.37055 P 8.6386 P 
1.9498 P —0.20679 P —19907 P —11318 P 
—0.10422 P 0.11422 P 829270 P —1093600 P 
—11.099 X 1.6539 X 3075.4 X —23611 X 
10-* P P 10¢ P 
Terms Nog, N,, M, are calculated from the values given in the 
table and are shown in Fig. 10 (a, b, c, d), while the radial rim 


deflection is again indicated in Fig. 8. 


DIscUSSION 


When the bending strength of the shell is neglected the relations 
give the membrane theory. The results on this basis are easily 
obtained and are cited without proof as follows: 


Ne = pw?l? sin? a 
N, = 0 
sin? 


Eh 


These relations are plotted along with the exact analysis in the 
foregoing graphs for the complete cone and indicate that for 
a < 64° the membrane theory gives a very good approximation 
for the chosen ratio of /h = 20. 


It is of interest to note that the substitution of a = const into 


the conical shell relations leads to a linear and homogeneous 
equation, the solution to which is relatively simple. This condi- 
tion describes a shell whose thickness increases uniformly with 
the distance from the vertex. Such a shape would obviously 
lead to much higher stresses than in the case of a shell of constant 
thickness and would probably have little practical application. 
Consequently, further discussion of this type of conical shell is 
omitted. 

The actual stresses existing in a rotating conical shell may be 
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obtained from the results of this paper once the angular velocity, 
density of shel! material, cone angle, and length /, are known. 
The membrane forces are considered to be uniformly distributed 
over the shell thickness, and a linear stress distribution over the 
thickness is attributed to M,. To investigate the stress at a 
given position, then, it is necessary to superpose the two dis- 
tributions. In addition the modulus EZ must be known to find 
the actual rim deflection. 

From Figs. 7 (a, 6), 9 (a, b), and 10 (a, 6), it is seen that a 
large variation in stress distribution occurs between @ = 64°10’ 
and a = 86°32’. This indicates that the stresses are sensitive 
to small changes in @ for large cone angles. The exact nature 
of this change and the critical cone angles which give maximum 
values of M, at the apex and N¢ at the rim provide material for 
investigation further than that considered in this paper. 

An approximate solution for the conical shell with no body 
force is obtained by Fliigge (1) for large values of xz by dropping 
terms in 1/z and 1/2? in the Z-function coefficients of A,, As, 
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A;, Ag Calculations for these coefficients indicate that this 
approximation is apt to give erroneous results as the terms in 
1/z are, upon oceasion, of the same magnitude as terms in 2° 
even for values of z as large as 30°. 
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There is disagreement in the literature as to the location 
of the center of shear. Timoshenko, for example, states 
that the position of this point depends upon Poisson’s 
ratio, whereas Trefftz says that it does not. Both Timo- 
shenko’s and Trefftz’ solutions are compatible with the 
usual definition of the center of shear. The disagreement 
may be attributed to the assumptions of different boun- 
dary conditions. In this paper the boundary conditions 
are examined, and a definition of the center of shear is 
proposed that leads to a unique point for any cross section. 


T would seem that the subject of the center of shear, the 
I center of twist, or the flexural center should have been ex- 
hausted by this time, but there still is disagreement on the 
location of this point. Timoshenko,’ for example, states that the 
center of shear depends on Poisson’s ratio, whereas Trefftz® says 
that it does not, and they obtain different points for the same 
cross section. Timoshenko calls the point in question the flexural 
center, or the center of twist, but both he and Trefftz are discuss- 
ing the same point, namely, that point of the cross section at the 
free end of a cantilever beam at which a transverse load must be 
applied in order that no rotation of the free end may occur in its 
own plane. The discrepancy appears to be attributable to the 
difference in the boundary conditions that are assumed. 

It can be shown that the center of shear in bending, as just 
defined, is in fact just as indeterminate as the center of twist in 
torsion. It is not a property of the cross section alone even for a 
given material. The displacements in the case of torsion of a 
prismatic bar‘ are given by 


—Oyz + U—ry + 


Vp = O2x + V0 pz + rz 


Ur 


where the axes of z and y are any two rectangular axes of co- 
ordinates in a cross section. The axis of z is thus parallel to the 
longitudinal elements of the body, @ is the twist, and uy and vz 
are the components of the displacement in the directions of z and 
y. We shall not be concerned with the component of displace- 
ment in the direction of z. Uo, %, p, g, and r are the components 
of translation and rotation that represent motion as a rigid body. 
In the case of bending under the action of concentrated forces the 
displacements® are given by 
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The Center of Shear Again 


By W. R. OSGOOD,! WASHINGTON, D. C. 


u ot + 
= | 
B Yz EI ry Uo ry qz | 
vM 2? 2 [2] 
= — y?) — | M— - 
+ 28 + 1% 


where now the axis of z is the principal axis of a cross section 
normal to the plane of bending, the axis of y is parallel to the plane 
of bending, the axis of z is again parallel to the longitudinal 
elements of the body, M is the bending moment at any cross sec- 
tion, F is the shearing force on the same cross section, and uz, 
and vg are the components of the displacement in the directions 
of x and y. 6 in Equations [2] is the twist, or rotation per unit 
of length about the axis of z, of the y, z-plane. 

Suppose that we consider a cantilever beam of the length 1, 
Fig. l(a). We take the axis of x to coincide with a principal axis 
of the cross section at the fixed end and the axes of y and z as 
shown. Let us take the following boundary conditions: If the 
beam is subjected to pure torsion, the points on any line z = zp, 
y = yp are to remain on this line. There is to be no component 
of rotation about the axis of z at the free end, z = l, that is, rota- 
tion about the axis of z shall be measured relative to the free end. 
These conditions require uw = —6lyp, v9 = Olrp, p = = 
Oyr, r = —Ol. If these values are substituted in Equations [1] 
we find 

ur = Oy — yp)(l — 2) | 
vr = —O(xr — zp) (l — 2) 


The line x = zp, y = yp is the locus of the centers of twist of the 
cross sections. Its position does not depend on @. Now with a 
concentrated load F at the free end acting at the point (zp, yp, )) 
in the negative direction of y, Fig. 1(a) and (b), we have from 
Equations [2] with the boundary conditions just assumed and 
with M = —F(l — 2), 


F 


vp = — + E —y)(l—2) 


2EI 
1 
—s (: 


These are the components of displacement from the cantilever 
loading, Fig. 1. 6 in these equations is a function of zp, that is, 
of the line of action of the foad. The relation between @ and zr 
is found by equating moments® 


Fup = — ff 5] 
A 


where 7,, and 7,, are the components of shearing stress on the 
cross section, in the directions of y and z, respectively, and A is 
the area of the cross section. 

Equations [3] show that under torsion there is no vertical dis- 


| 
| 
| 
| 


placement of the point (zp, yp, 1) (the boundary conditions insured ° 


this), and Equations [4] show that under bending there is no 
rotation in its own plane of the cross section at the free end, 


€ Reference 5, p. 332. 
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(a) (b) (c) 
Fig. | Beam 
z = l, regardless of the values of xp and yy. Thus first, (by Max- 
well’s reciprocal theorem) the center of twist and the center of 
shear are found to coincide, and second, this point may be any 
point of the cross section; that is, any point of the cross section 
at the free end may be made to comply with the definition for 
center of shear stated in the opening paragraph of this paper. 
To pursue the subject further, it will be expedient to focus our 
attention on a specific cross section, and we choose the semicircle, 
Fig. 1(c). We take the origin of co-ordinates at the center of the 
circle. From Equation [5] we find? 


+ 8(3 + 4v)a] 
30(x? — 8) EI 
Substitution of this value of @ in Equations [4] gives 


Up = + 


EI \30(n? 


8(3 + 4v)a] (y Yp) + vry (l — 2) 


[15e(1 + 


&(3 + a\ | 


(z — tp)(L— 2) + v(x? — y?)(l — 2) 2? 


Let us study now the consequences of the assumption of cer- 
tain values for zp (and yp). 
(a) Timoshenko, who assumes 6 = 0, finds the center of shear 
(flexural center) at 
150(1 + ») 


and we should have 


PF 
Up = — 2z) 


EI 


v (a? — y*)(l — z) + 
3 


The y, z plane would remain plane and be displaced vertically but 
not normal to itself. In particular it would not be twisted (a 
boundary condition). 

(b) According to Trefftz, who obtains his expression for the 
center of shear from considerations of energy, the center of shear 
would lie at 


(9) 


™ On the Torsion Resulting From Flexure in Prisms With Cross- 
Sections of Uniaxial Symmetry,” by A. W. Young, E. M. Elderton, 
and K. Pearson, Draper’s Company Research Memoirs, Tech. Series 
7, Cambridge University Press, London, 1918. 
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regarded as a boundary condition). 
(c) If the load acted at 


— v(x? — y?)(l-— + 2? 


The plane z = 


we see from Equations [4] that the plane x = zz, that is, the plane 
in which F acts, would not be twisted. If we substitute the 
value of 6 from Equation [6] and solve for zp, we find 


+ 4y)a 


The components of displacement become 
8r(3 + 4v)a 


F ) 
ETI + 3x?» — | 
F l6rv(3 + 4v)a 
= — 
2EI + 3x2» — | 


7 
8x(3 + 4v)a } 


| 


If » = 0, the three cases that have been considered reduce to 
one, All planes originally parallel to the y, z plane would be dis- 
placed equal amounts vertically but would not be displaced in a 
normal direction. None of these planes would be twisted. 

(d) Finally, if the load acted at the centroid of the cross sec- 
tion 


u 


> 


.. [14] 


4a 
trp = 3x Ur = {15] 
vFy| + 3v)a (1 ) 
EI 15v(4? —8) 


> 


v(x? — y*)(l — 2) + 2? (12) | 


+ 3v)a 
— 8) 

Fig. 2 shows the load line and the trace of the plane that is not 
twisted for the four cases that have been discussed, (a), (6), (c), 
and (d), respectively. v has been taken equal to 0.3. 

The usual definition, in the first paragraph of this paper, as 
has been shown, is not adequate to define a unique point. The 
author proposes that the center of shear be defined as that point 
(tp, Yr) of the cross section through which the load must act in 


In this case the plane z = would not be twisted. 
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Fic. 2. CENTER OF SHRAR 

order that no twist shall occur along the line z = rp, y = yp. 
According to this definition the z co-ordinate of the center of 
shear is given by Equation [12], where @ is obtained from Equa- 
tion [5]. In the case of the semicircular cross section, the 
center of shear would be the point (zp, 0), where zp has the value 
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given in Equation [13]. If the cross section is not symmetrical, 
Yr may be obtained as in the preceding discussion by applying 
a load parallel to the axis of x, the axis of y now being taken to 
coincide with the other principal axis of the cross section. 

It may be pointed out that @ is arbitrary in the flexure problem 
to the extent that it depends upon the choice of the axes of co- 
ordinates. For example, the problem of the rectangular cross 
section, F acting at the center of gravity of the cross section, 
may be solved with the origin of co-ordinates at the center of 
gravity, in whicl case’ @ = 0; but the solution may also be ob- 
tained with the origin taken at the center of a vertical side of the 
rectangle and 6 # 0. 

Since no stresses occur on the longitudinal principal plane in 
which the load acts, the solution for a beam of depth 2a and 
width 26 loaded vertically is also a solution for a beam of depth 2a 
and width 6; but the latter solution requires the load to act 
through a point different from the center of gravity (of the cross 
section of the half beam). If the load is to act through the 


center of gravity in this case, a solution for a twisting couple 
must be superimposed on the solution for the half beam, and 
hence 6 # 0. 


* Ref. 2, p. 292 
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A Principle of Maximum Plastic Resistance 


By M. A. SADOWSKY,' CHICAGO, ILL. 


Heretofore a complete determination of stresses in a 
plastic body has been dependent upon a successful analysis 
of deformation in plastic flow, the method of computa- 
tion being essentially based on Nadai’s stress-strain 
relations. The principle of maximum plastic resistance, 
as introduced in this paper, establishes a new method of 
computation of stresses only, without any explicit refer- 
ence to deformation. Formally, the principle is progres- 
sive, since it supplies equations sufficient for solution; 
intrinsically and physically, the principle treats the 
plastic body as a reacting medium automatically pro- 
ducing maximum values of resultant reaction. Com- 
bined plastic tension, torsion, and inner pressure (in 
a boiler) are chosen as cases in which to apply the prin- 
ciple. The results are condensed in the relative diagram 
accompanying the paper. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


k = yield stress in pure shear 
2 = Cartesian co-ordinates 
r,6,z = cylindrical co-ordinates 
o,. %,¢, = normal stresses in Cartesian co-ordinates 
o,, 00, % = normal stresses in cylindrical co-ordinates 
s = s(r) = 0, = radial stress (section 7) 
sy: Tye Tae = Shearing stresses in Cartesian co-ordinates 
Tré, Tes, Te = Shearing stresses in cylindrical co-ordinates 
= ro: = in section 7 
= pressure inside a boiler, p = —s(b) 
external twisting moment 
external axial force 
P = axial force pulling boiler apart (resultant of 
stresses o,) 


~ 


Mmax = value of M in pure plastic torsion 
Fmax = value of F in pure plastic tension 
Pmax = value of inner pressure in a boiler which flows 
under action of inner pressure only 
J = relative axial force, f = F/F max 
m = relative twisting moment, m = M/Mmax 
Pri = relative inner pressure, Pret = P/Pmax 
u, u(z, y) = stress function associated with torsion 
u(x), u(r) = stress function depending upon one variable 
only 


hk = constant value of stress function u on a closed 
part of boundary 
a = radius of cylinder; outer radius of tube or 
boiler; half width of oblong 
b = inner radius of tube or boiler 
\, # = parameters used to set up ¢ in calculus of 
variations (formal mathematical quantities) 
' Assistant Professor, Department of Mathematics, Illinois Insti- 
tute of Technology. 
Presented at the Annual Meeting, New York, N. Y., Nov. 30-Dec. 
1, 1942, of Tar AMERICAN SocreTY OF MECHANICAL ENGINEERS. 
Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
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o a linear form in integrands of M, F, p 
q = used for abbreviation in Equation [26] only 


1 INTRODUCTION AND JUSTIFICATION OF THE PRINCIPLE 


The three differential equations of statical equilibrium of a 
three-dimensional medium 


— = O,ete............. fl 


in conjunction with preassigned values of stresses on the boundary 
surface do not suffice to determine definitely the distribution of 
stresses within a body. The inadequacy is of the character 
of statical indetermination. To achieve statical determination, 
some additional physical law must be assumed. In plasticity 
this is first of all the “condition of plasticity” as expressed by 


(o, = (a, a,)? + (a, + 6(r2y? Pas") 


Moreover there has to be a law relating mathematically stress 
and strain in plastic flow. A. Nadai formulated that “law of 
yielding” as follows: “The figure consisting of Mohr’s three 
principal strain circles remains continuously similar geometrically 
to that consisting of the group of three principal stresss circles.” 
Nadai had successfully applied his principle to obtain definite 
solutions to various problems in plasticity. However, the mathe- 
matical difficulties of computation of plastic flow in three 
dimensions, aggravated by the nonlinear character of the condi- 
tion of plasticity, can hardly be overcome in a general case of a 
body having no essential elements of symmetry. 

The present author achieved statical determination by ac- 
cepting a new principle of maximum plastic resistance which does 
not explicitly involve any reference to plastic flow and can be 
formulated in terms of stresses only. The principle affirms that 
among all statically possible stress distributions (satisfying all 
three equations of equilibrium, the condition of plasticity, and 
boundary conditions), the actual stress distribution in plastic 
flow requires a maximum value of the external effort necessary 
to maintain the flow. 

To appreciate the essential contents of the new principle, let 
us consider a cylinder flowing under joint action of torsion 
(stress Tez) and axial tension (stress ¢,). In cylindrical co- 
ordinates, with only two stresses present, the condition of plas- 
ticity becomes 


In pure tension Ts; = 0, ¢, = kV3, which results in M = 0. 
F = Fwmox; in pure torsion ¢, = 0, Taz = k, which results in 
F =0,M = Mmax. In combined tension and torsion, the stresses 
a, and 7¢z, both actually present, must be less than the maximal 
values ky/3 and k; the values of those stresses will depend 
upon r. To fix ideas, let the axial force F (resultant of o,) be 
one half of Fmax. This means a 50 per cent average reduction of 
o, = k+/3, but not a uniform 50 per cent reduction: Indeed, 
while all points of application of o, are equally effective in form- 
ing the resultant F, the lever arm r in the moment rt@z makes 
the efficiency of a point of application of Tes (in forming the re- 
sultant M) variable with r. Hence to maximize M if F = 1/2 Frax 
is preassigned, the core of the bar, poor in producing moments, 
should be used mainly to produce axial tension, while the rind, 
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best in producing moments, should do so, being mostly relieved 
from axial stress. By the principle of maximum plastic resist- 
ance, the stress distribution (complying with the condition of 
plasticity), maximizing M for a given value of F, is the actual 
stress distribution in combined tension and torsion. For an 
exact computation, calculus of variations must be used (section 
3). 

To justify the new principle, the author has tested it by re- 
solving various cases of plastic flow solved first by Nadai about 
1930. In all such tests identical solutions were obtained. Since 
Nadai’s method implied a detailed consideration of geometry of 
plastic flow, including a computation of all differential-geometric 
elements of deformation, his solutions are doubtless complete and 
accurate. The new principle led to identical results. In the 
opinion of the author that identity constitutes a weighty argu- 
ment in favor of acceptance of the principle of maximum plastic 
resistance. It is appropriate to enumerate the testing cases 
used to establish a base for credibility of the new principle: 


1 Combined torsion and tension of a solid cylindrical bar. 

2 Pure plastic torsion of bars having an arbitrary cross sec- 
tion. 

3 Simple tension of bars with an arbitrary cross section. 

4 Thick hollow cylinder (or boiler) subjected to internal 
pressure and axial load. 


The actual usefulness of the principle reaches beyond the limits 
set by cases previously solved, as shown by the following mathe- 
matical developments. 


2 Tue Revative DIAGRAM IN CoMBINED STRESS 


Choosing combined torsion and tension as a case suitable for 
exposition of the mathematical method, as resulting from the 
principle of maximum plastic resistance, let us first clarify the 
main point of interest on which to concentrate. The approach is 
given by the question: What practical data are of interest to the 
engineer designing a bar (column) for combined torsion and ten- 
sion (compression)? In a bar designed primarily to withstand 
tension (compression), a twist is a disturbance weakening the 
strength to resist tension, in which case it is desirable to know 
how much tension still could be loaded. In a bar designed pri- 
marily to withstand torsion, an axial force is a disturbance weak- 
ening the strength to resist torsion, and then it is desirable to 
know how much torsion still could be loaded. All this amounts to 
the following basic question: What is the relation between F 
and M in a bar which flows plastically under combined torsion 
and tension? To keep out the inclusion of unessential dimensions, 
let us introduce two dimensionless characteristics f, for the rela- 
tive axial force, and m, for the relative twisting moment 


F M 


m= 


f 


F max 


in which Fmax and Mmax are the axial force and the twisting mo- 
ment in pure plastic tension and in pure plastic torsion. 

The question now is: What is the relation between f and m? 
The answer will necessarily depend upon the shape of the cross 
section and may be given either as an equation in f and m or 
graphically as a curve in the (f, m) plane, a “relative diagram,” 
joining the pure-tension point (1, 0) with the pure-torsion point 
(0, 1). 

Considering cases of simple uncombined stress as known and 
solved, we may say that the aim of combined stress analysis is 
to obtain the relative diagram to know the amount of inter- 
ference of various kinds of stresses in combined loading. In a 
triple composition (section 7), the relative diagram is a surface in 
space. Fig. 1 shows the (f, m) diagram for a cylinder under 
tension and torsion. 


100% 


Fig. 1 Revative Twistinc Moment m As PLorrep AGAINST 
Revative AxiaL Force f ComMBINED ToRrSION AND 


TENSION 
(a, For a solid bar [cylinder]; 6, for a shell [thin-walled tube], diagram is 
circular; c, for an oblong cross section.) 


3 MATHEMATICAL THEORY OF COMBINED TORSION AND TENSION 
The stress matrix in combined torsion and tension is 
0 0 
} 


Tre Tyz 


the stresses depending upon x and y only. The equilibrium 
Equations [1] reduce to 


which is solved by an arbitrary function u = u(x, y) of x and y as 


A subscript x or y with u denotes a partial derivative. The 
condition of plasticity, Equation [2], solved for o, is 


For a shearing stress trajectory in the x, y plane 


Any closed part of the boundary is such a trajectory. We may 
add to u(x, y) a constant such as to have 


u(z, y) = 0 


on the outer boundary. In case of a multiply connected cross 
section, there will be further boundaries of inner holes, each of 
them a stress trajectory with’a different value of h. The re- 
sultant axial force is 


F =kV3S S Vi —u,* — dedy {11} 


The resultant moment is for a simply connected cross section 


S (12] 


The case of a multiply connected cross section will be considered 
later (section 5). 

By the principle of maximum plastic resistance, the stresses in 
combined torsion and tension are so distributed as to produce a 
maximum value of the moment M for a given value F of the force. 
As both M and F are expressed by definite integrals, involving 
an unknown function u(x, y), the problem is solved by calculus 
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of variations as follows: A parameter A is introduced to set up 
a linear form in the integrands in F and M 


V1 — u,* — uy? + AU = O(u, Uy, Uy)....... {13] 
to which Euler’s equation is applied 


Ou, 


Oy Ou, Ou 


giving here 


hs 


fe) 

Or V1 — — oy V1 — + [15] 


To solve the tension-torsion problem for a simply connected 
cross section, we have to determine the solution of Euler’s Equa- 
tion [15], which satisfies the boundary condition u = 0. As 2 is 
involved in Euler’s equation, it will appear in the solution u(z, y). 
Terms F and M will then be found in terms of \ by integration. 
It will be found that the value \ = 0 corresponds to simple ten- 
sion, while the “‘value” \ = © corresponds to pure torsion. In- 
troducing the relative quantities f and m by division and eliminat- 
ing A, the relation between f and m will be obtained, as has been 
the aim. 


4 CrrcuLaR CYLINDER IN COMBINED TORSION AND TENSION 


Using polar co-ordinates (r, 6) and assuming that u depends 
upon r only, we may reduce Euler’s Equation [15] to 


in which u’ = du/dr. The solution of this equation, regular at 
r = 0 and satisfying the boundary condition u = 0, is 


V4 + vat — V4 + 
u= 


in which a is the radius of the cylinder. The following stresses 


result 
2V/ 3k 
[18] 
V4 + 


V4 


from which we may compute the relative twisting moment m 
and the relative axial force f in terms of \. Eliminating A, we 
obtain 


m= (1 


which is the equation of the relative (f, m) diagram, Fig. 1. 


5 Ho.ttow CYLINDER IN COMBINED ToRSION AND TENSION 


The cross section (outer radius = a, inner radius = b) is now 
multiply connected. Equation [12] requires a corrective term. 
For complete analysis, refer to a previous paper.? Assuming 


that uw depends upon r only, the theory gives Equation [12] cor- 
rected as 


M = 4zk Sp + (20! 


The boundary condition u = 0 is valid for the outer boundary 
only, u(a) = 0. To apply calculus of variations, the corrective 


2“An Extension of the Sand-Heap Analogy in Plastic Torsion 
Applicable to Cross Sections Having One or More Holes,’”’ by M. A. 
Sadowsky, JourRNAL or AppLiep Mecuanics, Trans. A.S.M.E., vol. 
63, December, 1941, p. A-166. 


term in Equation [20] must be adjoined to the integrand. 
Using u(a) = 0, we have 


whence 


The axial force F is 
=2V fy? V1 —w'trdr.... [23] 


To maximize M for a given value of F we use ) to set up a linear 
form 


h2 
o(r,u,u’) =r [24] 


to which Euler’s equation is applied, resulting in Equation [16] 
(no alteration). Since u = 0 applies to the outer boundary only, 
no boundary condition has yet been given for u(r) at r = b 
in which case the “natural boundary condition for a free end” 

[25] 


applies 
Ou’ V1 — u'(b)? 2 


Integrating Equation [16] under both boundary conditions, we 
obtain again Equation [17] for u(r) and Equations [18] for 
stresses. Computing the relative moment and force m and f, 
and eliminating A, we get, after a lengthy computation 


bu’(b) 


2 V2 (a3 — b3)m = (a? + [(1 + — 
2__ p2 >.. [26] 


in whiclt 
a? + b? 

The result depends upon the ratio b/a whose extreme values are 

zero (for b = 0, a solid cylinder) and unit (for a = b, a shell). 

Equation [26] reduces correspondingly to Equation [19] and to 


Both results are shown graphically in Fig. 1. The shell is, 
relatively, weaker in combined stress than the solid bar, but the 
difference is small. All intermediate cases (0 < b/a < 1) lie in 
between those two shown. 


6 CoMBINED TORSION AND TENSION OF A Bar With a NaRRow 
RECTANGULAR Cross SECTION 


Referring to Equation [7], let us assume r,, = 0. This gives 
uy = 0, meaning that u depends upon z only, u = u(r). Euler’s 
Equation [15] then becomes 


=0 [28] 
th 


in which u, = du/dz. Its solution 


V1 + na? — V1 + 


satisfies the boundary condition u = 0 for zr = +a, showing that 
the cross section is bounded by two lines parallel to the y axis. 
Equation [29] gives rise to stresses 


[30] 
V1 + 


a 
M = ur ——u’}dr.......... [22] 
| b 2 
d ru’ 
= 6 
0.. {16] 
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A computation of the moment M ard force F per unit length 
in the y direction and a division by Mmax and Fmax give 


sinh 26 — 2¢ 
sinh @ cosh 26 
in which 
[32] 


A formal elimination of ¢ is impracticable; the relation between 
m and f resulting from Equations [81] is shown graphically in 
Fig. 1. As compared with circular cases, the oblong shows a 
smaller loss of relative resistance in combined stress. For a 
rectangle of finite length in the y direction, the influence of the 
ends has been mathematically analyzed to the effect that Equa- 
tions [31] and the graph in Fig. 1 remain valid. 


7 Borer Unper INTERNAL PRESSURE SUBJECTED TO EXTERNAL 
AxIAL Loap AND TwIsT 


Let us consider a long boiler under internal pressure p, sub- 
jected to additional axial tension F and twist M applied exter- 
nally at the ends. This triple combination of loading can be dealt 
with by established methods using two parameters, \ and uz. 
For the middle part of the boiler, not too close to the ends, the 
stress matrix will be, in cylindrical co-ordinates 


| O 
\ 0 T oO, } 
in which 7 stands for 7¢z and stresses depend upon r only. Let us 
introduce the notations o, = s(r) = s,s’ = s'(r) = ds/dr The 


values of s(r) at the outer and inner surfaces of the boiler are 
s(a) = 0, s(b) = —p, whence 


The three equations of equilibrium in cylindrical co-ordinates 
reduce to 


The condition of plasticity, Equation [2], transcribed for 
cylindrical co-ordinates and solved for o,, gives 


vi 


o,=8 rs’ V — — [36] 


A = sign with the radical would show up in Equation [39] 
which rules out the (—) part. The resultant axial force P pulling 
the boiler apart is 


The external force F differs from P by the amount of inner pres- 
sure on the head of the boiler 


Using Equations [34] and [36], we obtain for F [integration 
by parts applied to 2rs + (r? — b?)s’ and s(a) = 0 used] 


V3 2) — [39] 


The twisting moment M is 
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M = 2x tridr.... 


The problem to maximize F for given values of p and M re- 
quires the formation of a linear combination of the integrands 


V 4(k? + As’ + Qurr?...... {41} 


With two unknown functions s(r) and r(r), there are two Euler 
equations. In conjunction with natural boundarv conditions for 
free ends [both r = a and r = b for r(r) and r = + for s(r)}, 
they give 


dp ris’ 
= +A =0....... [42] 

4 
143 

which can be solved for stresses as 
kur? 


dr 145) 


The integral expressing s(r) is elliptic; using the foregoing 
stresses to compute f, m and pret (Pret = P/P imax) We are again led 
to such integrals which are practically useless. If the thickness 
of the wall of the boiler, a — 5, is small as compared with the 
radius a, those integrals can be essentially simplified and \ and 
u can readily be eliminated, which gives 


f? + m? + pri? = 1............... [46] 


for the relative diagram of the boiler in triple loading. It is an 
octant of the unit sphere, easily perceived by intuitional imagina- 
tion and showing the ability of the boiler to withstand combined 
internal pressure, axial force, and twist. If one component of 
loading is absent, the relative diagram of the remaining twofold 
stress combination is a trace of the spherical octant, which is a 
quarter circle. Three different combinations of two stresses at 
a time can be derived from Equation [46], of which the inner 
pressure-axial force combination is most probable from the prac- 
tical viewpoint. Its relative diagram is given by putting m = 0 as 


CONCLUSION 


The purpose of this paper being presentation and verification 
of the new principle, the cases chosen necessarily had to include 
some examples solved previously, such as sections 4 and 7 (with- 
out twist) solved by Nadai in 1930. Further reference consider- 
ing verification of the principle was given in section 1. The prin- 
ciple remains applicable in more involved combinations of load- 
ing; as an instance, bending may be included. The use of cal- 
culus of variations is imperative; a comprehensive exposition of 
the latter, written from the applied viewpoint,* is given by R. 
Courant and J. E. McShane. The results obtained in the present 
paper by actual application of the principle center around Fig. 1. 


* “Differential and Integral Calculus,”’ by R. Courant and J. E. 
MeShane, vol. 2, Interscience Publishers, Inc., New York, N. Y., 
1936. 
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The Influence of the Shape and Rigidity of an 
Elastic Inclusion on the Transverse 


Flexure of Thin Plates 


By MARTIN GOLAND,' BUFFALO, N. Y. 


The purpose of this paper? is to investigate the influence 
of several types of inclusions on the stress distribution 
in elastic plates under transverse flexure. An ‘‘inclusion’”’ 
is defined as a close-fitting plate of some second material 
cemented into a hole cut in the interior of the elastic plate. 
Depending upon the properties of the material of which it 
is composed, the inclusion is described as rigid or elastic. 
In particular, the solutions presented will deal with the 
effects of circular inclusions of differing degrees of elas- 
ticity and rigid inclusions of varying elliptical form. 
Since the rigid inclusion and the hole are limiting types 
of elastic inclusions, and the circular shape is a special 
form of the ellipse, plates with either a circular hole or a 
circular rigid inclusion are important special cases of this 
discussion. It is hoped that the present analysis of several 
types of inclusions will aid in a future study of perforated 
plates stiffened by means of reinforcing rings fitted into 
the holes. 


IVEN « plate under transverse flexure, the loads trans- 
{; mitted may be divided into several fundamental cases. 

Thus, the effects of the inclusions on regions transmitting 
only certain constant bending moments, twisting moments, and 
shears are sought. The conclusions of this paper with regard 
to these effects are shown graphically by the six accompanying 
charts. Their analysis is left for later discussion. The problem 
of a plate under transverse flexure with a circular or elliptical 
hole cut in its interior has already been discussed by J. N. Goodier 
(1)* and is used to aid in checking the results presented here. 

The plate-inclusion system will be considered subject to the 
limitations of the Poisson-Kirchhoff theory of bending of thin 
plates (2). Accordingly, it is assumed that all lateral dimensions 
are large and all deflections small compared with the thickness 
of either the plate or inclusion. The differential equation for 
the transverse deflection w is then given by the theory as 


where p is the pressure applied to the plate surface, and D is 
the flexural rigidity of the plate. The stresses in the plate are 

Research Engineer, Curtiss-Wright 
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? From a thesis to be submitted to Cornell University in partial 
fulfillment for degree of M.M.E. 

3’ Numbers in parentheses refer to the Bibliography at the end of 
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Presented at the Annual Meeting, New York, N. Y., Nov. 
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Corporation, Airplane 


represented by their force and couple resultants. In Cartesian 
co-ordinates, with (z, y) in the plane of the plate, they become 


g, -—pi wl | 
) dz? oy? f oy? oz? | 
D N, =—D 
Or 
.(2] 


where G, and G, are bending couples, H, and Hy, are twisting 
moments, and NV, and N, are transverse shearing forces. Each is 
expressed per unit of are length, and the z and y subscripts refer 
to action on the sections z = constant and y = constant, re- 
spectively. The letter v refers to the Poisson’s ratio of the plate 
material. The axial directions and the positive senses of the 
stress-couples and forces given by Equation [2] are shown in 
Fig. 1. In the solutions to follow, it will be found convenient 


Ny 


, By 
by + dy 


/ Nyt by 


SrrREss-CouPLES AND Forces ACTING ON AN ELEMENT OF 
THE PLATE 


Fic. 1 


to use polar and curvilinear elliptic co-ordinates rather than 
Cartesian. Hence expressions equivalent to those of Equation 
[2] must be written in terms of the new co-ordinates. The 
methods by which such co-ordinate transformations are accom- 
plished are well known (3). 

The several fundamental cases of load transmission by the plate 
(save for the effects of the inclusion) are: 

1 Plain Bending. The plate is bent by moments applied 
along two opposite edges only; anticlastic curvature has de- 
veloped (see Fig. 2a). 

(a) Case I: G, = constant = G; for the undisturbed plate 
wx (x? — vy?). 

(b) Case II: G, = constant = G; similar to Case I but 
bending about the other axis. 


2 Cylindrical Bending (see Fig. 2b). The plate is bent to a 
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(c) Uniform Twist 
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(b) Cylindrical Bending -Case I 


(da) Untform Shear - Case ¥ 


Fie. 2. FUNDAMENTAL Cases oF Loap TRANSMISSION IN PLATES UNDER TRANSVERSE FLEXURE 


cylindrical surface. Couples are applied to all four edges of the 
plate, and the absence of anticlastic curvature indicates that the 
ratio of the magnitudes of adjacent couples is equal to Pois- 
son’s ratio v; an element of the cylindrical ‘surface is parallel to 
the moment vector of the larger applied couple. An elastic strip 
increasingly bent by two opposite couples will display anticlastic 
curvature at the start of the loading. As the bending deforma- 
tion is increased, the amount of anticlastic curvature present 
will decrease and the surface of the plate will gradually become 
cylindrical. The cases of plain and cylindrical bending thus 
represent the two extreme types of deformation possible in plates 
bent by couples applied along two opposite edges. 

(a) Case I: G, = constant = G, G, = »G; in the undis- 
turbed plate w & 

(b) Case II: G, = constant = G, G, = 
I, but about the other axis. 

3 Uniform Twist. The plate is transmitting a twist of +H 
on sections = constant, and a twist of —H on sections y = 
constant; w © zy in the undisturbed plate (see Fig. 2c). 

4 Uniform Shear (see Fig. 2d). The plate is under the in- 
fluence of a transverse shear and the couples necessary for 
equilibrium. The undisturbed plate surface is cylindrical. 

(a) Case I: N, = constant = N, G, = Nz, G, = vNz; 
in the undisturbed plate w « z*. In the region z = y = Oonly 
the shear N is transmitted by the plate. 


(b) Case II: Ny, = constant = N, G, = Ny, G, = vNy; 
similar to Case I but about the other axis. 


vG; similar to case 


Although the plain and cylindrical bending cases are not 
independent of each other, they have both been included to allow 
comparison of the two extreme states of bent plates. It is also 
apparent that Cases I and II are not independent for a circular 
inclusion. For an elliptic inclusion, with its major axis along 
the axis of z, the two are distinct. 

The solutions to the foregoing set of problems will now be pre- 
sented for the following types of inclusions: 


(A) The rigid, circular inclusion. 
(B) The circular inclusion of any rigidity. 
(C) The rigid inclusion of any elliptic form. 


The set (A) is solved independently to allow a check on the 
results of sets (B) and (C). 


(A) Tue Ria Circuiar INCLUSION 


Polar co-ordinates are used with r = 0 at the center of the 
inclusion, 6 = 0 along the axis of z. The radius of the inclusion 
is taken asa. The conditions to be satisfied at the bond are 


at r=a, w=0 


1 Plain Bending. Take 
vx? + Aa* log r + Ba? cos 26 
2EI 


a‘ 
+0 cos 20 + 


The conditions, Equation [3], are sufficient to allow the evaluation 
of the constants A, B, C, and F. The moments, twists, and 
shears in the plate may then be written as 


G 


2(1 — »?) 


2 4 
+ + 311 —») =| cos 20 


G a? 
= + (1 + ») 


2 4 
cos 
r2 


a‘ 
sin 26 


The foregoing solution has been checked independently by 
solving the case of all-round bending, this loading being equiva- 
lent to the superposition of Cases I and II of the present problem. 

2 Cylindrical Bending. Take 
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(| 
+ Nx 4, 
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G a? 
4 a? 
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Noe = 20 
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4 
y? + Aa*logr + Ba? cos 26 + cos 20 + 


The constants A, B, C, and F are determined from the conditions 
of Equation [3]. The radial stress-couples and force in the plate 
become 


G a? a’ 


+ 3(1 — ») cos 26 


G a? ... 

H, = — — sin 29 
a? 


The corresponding values of Ge and Ng may be written from the 
transformed relations of Equation [2]. 

3 Uniform Twist. This solution is deducible from that of 
plain bending (A-1). If the solution for Case I with @ = 
—H is superposed on that for Case II with G@ = +H and the 
axes (x, y) rotated by 45 deg, the result is the solution for uniform 
twist. This procedure yields the moment, twist, and shear 
forms as follows: 


a? a‘| un 96 
G, = 1— v + + 3(1 — ») sin 
H, =—G@ ) i+2 3 cos 20 | 
8 
N, = — a G sin 20 


The values of Go and Ng are found from expressions in Equations 


Uniform Shear. Take 
N j cos 30 cos 3@ cos 6 
w= < x3 y, + B +C- 
6D ) r3 


The conditions of Equations [3] determine the constants A, B, 


C,and F. The radial bending moment, twisting moment, and 
shear in the plate become 


N r a’ at 
G, = 2) (1 — + cos 38 


(3+%) 
+ Ee r+ cos of 


.. [10] 


N, 


a‘ 
N < cos 6 — 3— cos 30 


The values of the tangential stress couple Ge and shearing force 
Ne are found from relations of Equations [2]. 


(B) Tue Crrcuiar INcuusion or Any Ricipiry 


Polar co-ordinates are again used and the inclusion radius 
taken as a. The subscript ; refers to the elastic properties, 
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deflections, and loads of the plate; the subscript , denotes those 
of the inclusion. At the mutual surface of the plate and inclu- 
sion, there must be equality of deflections, slopes, and stresses. 
Accordingly, the conditions at the bond may be written as 


ra) 
at r=a@, = = (G,). = (G,)2 ; 


(V,): = (V,)s.... [11] 


where 


oy 
Term V, is seen to be the sum of the transverse shearing force 


N, and the torsion derivative — ~~ The statical equivalence 


of the latter to a distribution of transverse shearing forces was 
pointed out by Kelvin and Tait (4). The choice of the boundary 
condition (V,); = (V,)2is debatable, since this does not establish 
the equality of N, and H, independently. It is known, however, 
that setting the V, equal will yield the correct results every- 
where except in the immediate vicinity of the bond. That this 
restriction does not greatly reduce the practical worth of results 
obtained from this theory is evidenced by similar restrictions 
present in other solutions of the theory of elasticity. Many 
problems in plane stress and plane strain, particularly those 
relating to beam theorv and the effects of concentrated loads, 
are solved subject to restrictions of a similar nature. 
1 Plain Bending. Take 
, =— 2+ log r + B,a? co 26 | 


a‘ 
+ 29 + Fat} .. [12] 


We = 


Aor? + Bor? cos 20 + C cos 20 | 

Substituting the deflection forms of Equations [12] in the 
boundary conditions, Equations [11], seven simultaneous equa- 
tions result for the determination of the seven constants in the 
brackets. These being known, the expressions for the plate 
bending moments, twisting moments, and shears may be written 
from the transformed relations of Equations [2]. Their maxi- 
mum values in the plate for inclusions of any rigidity are given 
in Fig. 3. The limiting cases of this solution (the rigid inclusion 


3.5675 Plain Bending 
306- Cylindrical J 
Bending 
G 
Gos 
9 
6 
-198 
Ng max 
“204 


Fie. 3. INFLUENCE OF THE RIGIDITY OF A CIRCULAR INCLUSION ON 
THE BENDING-MOMENT AND SHEARING-FORCE CONCENTRATIONS IN 
PuLaTes UNDER PLAIN AND CYLINDRICAL BENDING 


(£i/E: = ratio of Young’s modulus of plate material to that of inclusion 
material. Curves are for equal thickness of plate and inclusion and equal 
Poisson’s ratios 0.3.) 


H, = — +2 4 sin 36 
| in of 
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and the circular hole) agree with the results of J. N. Goodier 
(1) and solution (A-1) of this paper. 

2 Cylindrical Bending. Take 


G 
=-- 2b, + A,a? log r + B,a? cos 26 
+ C, cos 26 + .. {13] 
wv = — + cos 26 + C2 cos 26 


Using the conditions of Equations [11], the seven simultaneous 
equations necessary to fix the values of the constants in Equations 
[13] are obtained. The forms for the stress-couples and forces 
are written from expressions of Equations [2]. Their maximum 
values in the plate for inclusions of any rigidity differ only slightly 
from those of the previous plain bending solution (see Fig. 3). 
The solution checks with the known results for the rigid inclusion 
and the circular hole. 

3 Uniform Twist. The results for this case are deducible 
from those of plain bending (B-1) in the same manner that 


Nr, No 


Gpmax 

0 T T T T T T 0 
4 © 2 4 18 20} 


Fic. 4 INFLUENCE OF THE RIGIDITY OF A CIRCULAR INCLUSION ON 
THE MOMENT AND SHEAR CONCENTRATIONS IN A PLATE UNDER 
Pure Twist 


(E£i/E: = ratio of Young’s modulus of plate material to that of inclusion 
material. Curves are for equal thicknesses of plate and inclusion and equal 
oisson’s ratios 0.3.) 


0 
0 25 75 00 5 50 200 
E,/E,—> 


Fic. 5 INFLUENCE OF THE RiaipiITy oF A CrRcULAR INCLUSION ON 
THE MOMENT AND SHEAR CONCENTRATIONS IN A PLATE UNDER PuRE 
SHEAR 


(Ei/E: = ratio of Young’s modulus of plate material to that of inclusion 
material. Curves are for equal thicknesses of plate and inclusion and equal 
oisson’s ratios 0.3.) 


solution (A-3) was obtained. No additional constants, other 
than those arising in solution (B-1), need be determined. The 
results are shown graphically in Fig. 4. 

4 Uniform Shear. Take 
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=- 6D, ) z* + Ay B, Cos 30 | 
+ + rar | cos 4 
r 
N 


= — 

6D, 
The constants are fixed by the conditions of Equations [11]. The 
relations of Equations [2] yield the forms for the plate bend- 
ing moments, twists, and shears. Their maximum values 
in the plate for inclusions of any rigidity are shown in Fig. 5. 
The solution agrees with the known results for the limiting cases. 


+ B, 4 cos 36 + Far’ cos 
a’ 


(C) Tue Riew Inciusion or Any Evureric Form 
Curvilinear elliptic co-ordinates (3) are most conveniently 
used in the solution of this set of problems. The transformation 
between (z, y) and the curvilinear elliptic co-ordinates (¢, ) is 
x = ccosh cos n, y = c sinh 7. In the Cartesian (2, y) 
frame, the curves & = constant represent a set of confocal 
ellipses whose foci are (+c, 0). 
give a set of hyperbolas confocal with (and orthogonal to) the 
previous ellipses. The formulas for the stress-couples and 
forces acting on sections, £ = and » = constant, are obtained 
in a manner previously mentioned. On sections, £ = constant 
they are 
(1 — 
JG; = —D J*{ — + —- 
of On?* 2 Os 
(1— v) ow | 
2 on On f 


The curves, » = constant, 


J*H; = (1 [13] 


1 dw | 

2 On | 

re) 

J5'N; = —D 2— — — 


where 


J? = 4 (cosh 2& — cos 2n) 


The actions on sections, » = constant are obtained from the 
foregoing by interchanging £ and n, except for H,, which is equal 
to — Hy. 


10 G 4 


Plain Bending 


Gg max 
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= linarica! 
hendi na 


Gp max “V6, max 


Case I 
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Fic. 6 INFLUENCE OF THE SHAPE OF A Riacip Evurptic INCLUSION 
ON THE MOMENT AND SHEAR CONCENTRATIONS IN PLATES UNDER 
PLAIN AND CYLINDRICAL BENDING 
(b/a = ratio of length of minor and major axes of ellipse. a/p = ratio of 


lengths of major axis to radius of curvature at the sharp corner. Poisson's 
ratio of plate = 0.3.) 


ef 
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At the boundary (¢ = a) of the elliptic rigid inclusion, the conditions of restraint exercised on the plate are 


| 
Of 
1 Plain Bending. (a) Case Il: Take 
u= J r vy? + Ale cos 2 ) + Be eos 2 + F {17] 
) s 2n s 2n E+ 


The conditions of Equations [16] are sufficient to fix the constants A, B, C, and F. The moments, twists, and shears in the plate 
are evaluated from Equations [15]. The most interesting of these quantities are the values of the moment G¢ and the shear N; at 
the bond. In terms of a and 6, the lengths of the major and minor axes of the ellipse (£ = a), respectively, they are 


[4(1 (a? + 6?) (1 + v) c2(3a? + 2ab + 36?)] 
G + cos 2n{(1 + v)(a + (1 — v)4abc? 
2(1 — v2) + + + cos (1 + v)e?(a + 
\ (a? + b? — c? cos 2n)? 


=a = 


(1 — vet + (1 + v)cX(a + 
(Nine = 2V2 + v)(a + + 2(1 — v)e2(a? + 5?) 
fal + (1 + cos 
(a? + b? — c? cos 2n)’”? 


where c? = a? b?. More complete results of this solution are shown graphically in Fig. 6. For the circular hole (a = 6) 
the results check those of solution (A-1). 
(b) Case II: Take 
G 
J 2 
\" 


w= 


vz? + A(e~** + cos 2n) + Be~** cos 2n + CE + 


The constants being determined from conditions of Equations [16], the moment G; and shear N; at the bond are 


[4(1 — v)ab(a? + 6?) + (1 + 2ab + 3b*)} | 


| 


(Ge): = G cos 2n [(l + v)(a + b)* + 4(1 — v)abe? 
2(1— | + + + cos 4n[(1 + + 
(a? + b? — c? cos 2n)? - 
[(1 — — (1 + v)e%(a + b)2] + | 
(Nina = + v)(a + b)* — 2(1 — v)c*(a? + 
(1 — + (1 + v)e}cos 2n 
| (a? + b? — c? cos } 


More complete results are given in Fig. 6. For the cireular hole (a = 6), this solution is in agreement with solution (A-1). 


2 Cylindrical Bending. 

(a) Case I: Take 

G 
2D 
The constants being determined in the usual manner, the relations of Equations [15] are used to find the bending moments, 
twists, and shears in the plate. The most interesting quantities are the values of G; and N¢ at the bond. They are 


w= 


+ A(e~** + cos 2n) + Be~** cos 2n +CE+ rt {21} 


[4ab(a? + b?) — c*(3a? + 2ab + 
(Gy) _ + [@ + b)* — 4abe? + 2n | 
2 | — [ea + b)*]cos | 
(a? + b? — c? cos 2n)? ) eee [22] 
= 2vV/2 G 2c?(a? + b?) + c*]cos 2n 
5 (a? +b? — c? cos 2n)*/? ) 
Fig. 6 gives further results of this solution. 
(b) Case II: Take 
w= — A(e~é + cos 2n) + Be~** cos 2n+ CE + 
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The constants are fixed by conditions of Equations [16]. The values of G; and N¢ at the bond are then found to be 


[4ab(a? + b*) + c*(8a? + 2ab + 3b?)] ) 
—[(a + b)4 + 4abe? + cos2n | 
G + + b)*%cos 4n 
2 (a? + b?— cos 2m)? ) 


(G:)e=a = 


— 2c?(a? + b?) + cos 2n 
= 2V2 
( ede V2G (a? + — cos Qn)’ | 


More complete results are shown in Fig. 6. 
For the limiting case of the circular hole, the forms of solution (C-2) agree with those of (A-2). A further check on the two 
solutions (C-2) was obtained by constructing the cylindrical bending cases from the plain bending results (C-1). 


3 Uniform Twist. Take 


H f 
w Da—») + Ae~“‘sin 2n + B sin 2n + ct (25] 


The constants are fixed by the conditions of Equations [16]. The intensification of the bending moment G; and the shear N; 
at the bond are the most interesting results of the solution. According to Equations [15], at — = a, they have the values 


H [(a + + c‘] sin —c*(a + b)? sin 


G. i= 
( te a (1 —») (a? + b? — c? cos 2n)? 
[26] 
= = S/e | 
(1 — ») (a? + b?—c? cos 2n) 
at 
TH} Leo 
How 
Gy max -D Gg max} 
80q 
ag\ 3 579 15 7 19 
045 0.32 026 


Fic. 7 INFLUENCE OF THE SHAPE OF A Riaip E.uiptic INCLUSION 
ON THE MOMENT AND SHEAR CONCENTRATIONS IN A PLATE UNDER 
Pure Twist 


(b/a = ratio of length of minor and major axes of ellipse. a/p = ratio of 
lengths of major axis to radius of curvature at the sharp corner. Poisson's 
ratio of plate = 0.3.) 


Further results are given in Fig. 7. The solution agrees with that of (A-3) for the circular inclusion. 

Unlike the previous cases, the solutions for the elliptic inclusion under uniform twist are not generally deducible from those of 
plain bending (C-1). The obvious difficulty is the lack of all-round symmetry of the inclusion. For the case, Equation [25], 
with the axes of the inclusion in the z, y directions, the undisturbed deflection at a point due to twist is proportional to the 
product of the co-ordinates. For any other orientation of the inclusion axes, this is not true. “The general solution will involve 
a combination of the solutions (C-1) and (C-3). For an angle of 45 deg between the inclusion axes and the z, y directions, only 
the plain bending results (C-1) need be used. 

4 Uniform Shear. 

(a) Case I: Take 


N 
+ Ae‘ cos + Bé cos + Ce~** cos 3n + F(e~* cos 3n + cos at [27] 


The constants being determined from Equations [16], the shear N; at the bond becomes 


[(a + + 3c*(a + b)* + 2c?(a — + 10c*(a + 2b)] cos ) 
— [8(@ + b)® + 8c%(a + b)® + c4(9a — 5b)] cos 3y 


NV2} + [c%(a + b)* + 3ca + b)] cos 5n [28] 
8 


= 


(a? + b® — c? cos 2n)*/? 


The values of the other stress couples and forces are found from 
Equations [15]. Fig. 8 gives their magnitudes at several im- 
portant points of the plate for inclusions of differing form. 

(b) Case II: Take 


N . 
+ Ae ‘sin + Be~* sin 3n 
+C(e~® sin 3n + e~%* sin + sin [29] 


The four constants are fixed by conditions of Equations [16], 
and the moments, twists, and shears in the plate are determined 
from Equations [15]. The shear N¢ at the bond is given by 


| 
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is measured in terms of the ratio of the Young’s modulus of the 
plate to that of the inclusion. For the rigid inclusion, the ratio 
has the value zero; for the circular hole it is infinite. The 
results indicate that, for all four types of loading, the inclusion 
may be considered elastically equivalent to a circular hole for 
all moduli ratios greater than approximately 7.5. It is to be 
recalled that a moduli ratio of 1 indicates an undisturbed plate. 


The shape of an elliptic inclusion may be specified by the ratio 
of the lengths of its major and minor axes; the ratio of the radius 
of curvature at the sharp corner to the length of the major axis 
is also descriptive of the form. By adopting the latter as the 
shape criterion, provision is made for extension of the results 
to cover cases of inclusions differing somewhat from the elliptic 


[(a +b )§ — 3c2(a + b)* + 2c?(a — + *(2a +b)] sin } 


+ [8(a + b)§ — 8c%(a + + c4(9b — 5a)] sin 3n 


(Nema = 


NV 2 | + + b) — cX(a + sin 5n 


Further results of the solution are shown graphically, in Fig. 8. 
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Fig. 8 INFLUENCE OF THE SHAPE OF A Rigip Exuiptic INCLUSION 
ON THE MOMENT AND SHEAR CONCENTRATIONS IN A PLATE UNDER 
Pure SHEAR 


(b/a = ratio of length of minor and major axes of ellipse. a/p = ratio of 
lengths of major axis to radius of curvature at the sharp corner. Poisson's 
ratio of plate = 0.3.) 


For the circular hole (a = 6), the solutions (C-4) are in agreement 
with solution (A-4). 
CONCLUSIONS 

The accompanying plots show graphically the results of the 
previous problems. They contain the curves relevant to a dis- 
cussion of the effects of the elastic, circular, and rigid elliptic 
inclusions. Since special effort was made to notate carefully 
the plots as to manner of loading and other pertinent data, they 
will be regarded as self-explanatory; only certain of the more 
important features of each will now be mentioned. 

The bending and shear concentrations in the plate due to the 
circular rigid inclusion are remarkably high. For plain bending, 
the maximum bending moment has the magnitude 3.63G and the 
transverse shearing forces rise to the value 5.71 G/a. The bend- 
ing-moment intensification for pure twist is 5.72 H; the shear 
maximum for this case is 11.42 H/a. The shearing-force concen- 
tration for pure shear loading is 3.53 N. By comparison, the 
circular hole case for plain bending loading displays a moment 
intensification of only 1.80 G and a shear maximum of 1.21 @/a. 

For the elastic circular inclusion, the stiffness of the inclusion 


8 (a? + b? — cos 2n)*/? 


form. Moderate changes in the shape of the inclusion away from 
the sharp corners will probably not affect the values of the con- 
centrations greatly. 

The limiting shapes of elliptic inclusions are the circle and the 
very slender ellipse, i.e., the “crack.” For bending and twist of 
the plate, large bending and shear concentrations are introduced 
at the sharp corners, as the bounding ellipse of the inclusion 
becomes slender. The rate of increase of the concentrations 
with respect to shape change is less for Case II than for Case I, 
although both lead to infinite concentrations for the limiting 
crack. For shear loading of the plate, Case I gives infinite 
bending concentrations as the ellipse becomes slender; Case II 
results in no moment intensification. For both cases, the trans- 
verse shearing forces rapidly become very large as the crack is 
approached. 
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Harmonic Analysis of a Hooke’s Joint Motion 


By F. A. HIERSCH,' ANN 


INCE a Hooke’s joint motion is used in the calibration of vi- 
bration instruments, in endurance tests, and is commonly 
used for power transmission, the tabulated values of the 

relative displacements, velocities, and accelerations, and their 
harmonies should have practical value. 

P. Cormac? derives the following Fourier series expression 
for the displacement from which are derived the equations used 
to express the velocity and acceleration of the driven shaft rela- 
tive to the driving shaft: 


1 
- 6) = (nsin 26 + r n? sin 40 


1 


4 n? b+ ns 
max = na 9 3 c ae 


dus = =n +> + 3 


> = w(l + 2n cos 20 + 2n? cos 46 


+ 2n° cos 66 + 
(¢ — 6) max = 2w(n + n? + ns 


1 Department of Mechanical Engineering, University of Michigan, 

2 “*Hooke’s Joints,”’ by P. Cormac, Philosophical Magazine, vol. 44, 
1922, pp. 156-158. 
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TABLE 1 


ARBOR, MICH. 


w*(— 4n sin 20 — Sn? sin 40 — 12n’ sin 60 + ... 


imax 
w? 2 


4na; + Sn?b; + 12n2e, + .... 


ous __ ¢uB 


6 = angular displacement of driving shaft 
¢ = angular displacement of driven shaft 
f) angular velocity of driving shaft assumed uni- 


where 


= w= 
form 
n = tan’a/2 
up = upper bound 
and @ is properly chosen in Equations {2], [4], and [6] to obtain 
a maximum. 

It may be shown that Equation [3], which gives the “‘upper 
bound” value of émax, May be used instead of Equation [2] with 
negligible error for 0 < a@ < 15 deg. Likewise, Equation [10| 
may be used in place of Equation [9] when 0 < @ < 10 deg. 

Table 1° gives the values of Equations [2], [6], [7], and [9], 
and the second, fourth, and sixth harmonies for Equation [2].4 

The angles ¢ and 6 are in radians. 


’ Tabular computations by L. P. Shelley, Student Assistant, 
University of Michigan. 
4 Harmonics for Equations [5] and [9] have been omitted because 


of lack of space. 


RELATIVE DISPLACEMENTS, VELOCITIES, ACCELERATIONS, AND 


HARMONICS OF DRIVING AND DRIVEN SHAFTS 


émax Harmonics———. 


0.00103 
0.00242 
0.00503 


16896 


—0. 00145 


or 
2n 
w l n j 
and 
Pmax 
w 
dt? 
— 
(10) 
de 
at 
2nw 
——,.....[5] 
2nd 4th 6th ‘ 
deg n émax na 2 30 w w —w? 
5 00191 0.00383 00764 
10 00765 0.01542 03061 
~ 15 01733 0.00000 Ser 0.03527 06942 
20 03107 0.00003 —0.00001 0.06418 12495 
25 04908 0.00013 —0.00004 0.10338 19893 
30 07163 0.00036 —0.00012 0.15471 29458 
35 09887 —0.00031 0.22077 41712 
40 13118 —0.00070 0.30540 57550 ; 
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Critical Speeds of a Rotor With Unequal Shaft 
Flexibilities, Mounted in Bearings 
of Unequal Flexibilitv—I 


By W. R. FOOTE,' H. PORITSKY,? anp J. J. SLADE, JR.? 


This paper contains a study of the motion of a rotor 
possessing unequal flexibilities in two mutually perpen- 
dicular directions and mounted in bearings which likewise 
possess different stiffnesses in two mutually perpendicular 
directions, say, the horizontal and vertical directions. A 
two-pole turbogenerator is an example of such a rotor. 

As known, the effect of p, the fractional inequality in 
rotor flexibilities, by itself, that is, without unequal bear- 
ing flexibilities, consists in giving rise to an unstable range 
of speed near the critical whose width depends upon p; 
the larger p is, the wider is the unstable range. 

If neither p nor ¢ vanishes (¢ = fractional inequality of 
bearing flexibilities), the investigation becomes more 
difficult due to the fact that the principal flexibility direc- 
tions are fixed for the bearings but rotate for the rotor. 
The differential equations of motion now acquire periodic 
coefficients whose period is half the rotation period. Their 
solution shows that near the main critical speed, for small 


1 INTRODUCTION 


HIS paper deals with the motion of a rotor which possesses 

different stiffnesses in two mutually perpendicular direc- 

tions and is mounted in bearings which likewise possess 
different stiffnesses in mutually perpendicular directions. A 
two-pole turbogenerator is an example of such a rotor. 

To orient the problem in question in the general field of critical 
speeds, consider first a single disk mounted in the middle of a 
light shaft with the same stiffness in all directions, and suppose 
further that the shaft is carried in rigid bearings. The critical- 
speed phenomena for this case are well known. There is a single 
critical speed of rotation which agrees with the vibrational fre- 
quency with which the inertia of the disk (assumed nonrotating) 
can vibrate against the stiffness of the shaft. If there is un- 
balance, then the rotor, rotating at a constant speed w, whirls 
with the shaft bent or bowed, the amount of bowing or the de- 
flection of the shaft (say at the center of the disk) increasing to 
infinity as w approaches the critical speed.‘ The infinite de- 


‘Supercharger Engineering Department, Lynn River Works, 
General Electric Company, West Lynn, Mass. Jun. A.S.M.E. 

? Engineering General Department, General Electric Company, 
Schenectady, N. Y. 
Oy en University, College of Engineering, New Brunswick, 
N. J 


‘Strictly speaking, a rotation at a constant speed w is assumed 
throughout, and the steady-state deflection or motion is determined. 
The phrase ‘‘as w approaches the critical speed” therefore does not 
refer to an actual motion of the rotor, but to a speed-deflection 
diagram. The results would apply approximately to an actual 
rotation with variable speeds only if the acceleration is exceedingly 
slow so that the transients due to the changing speed are small. 
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cussion received after closing date will be returned. 


p the unstable range splits up into three parts, which 
coalesce into one range for large ». The separation of 
three unstable ranges increases with oc. A further slight 
instability also occurs when the rotor speed is near half of 
the main critical speed. 

If one attempts to revolve such a rotor at a constant 
speed inside an unstable range, it may, even if in perfect 
balance, whirl with an exponentially increasing amplitude. 
With friction the amount of instability decreases and the 
size of the unstable regions decreases too, and with suffi- 
cient friction complete stability is restored. The friction 
necessary to restore stability is computed and the effect 
of unbalance on the steady-state amplitudes is studied. 

The solution of linear differential equations with 
periodic coefficients leads to an infinite number of algebraic 
linear equations in an infinite number of coefficients. 
Various ways of solving these equations and of speeding up 
the convergence of the solution are discussed in detail. 


flection at the critical is prevented in practice by the stiffening 
of the shaft for large deflections, but particularly by the presence 
of friction which leads to a finite deflection at all speeds, the de- 
flection amplitude taking on a maximum at (or rather, near) the 
critical speed. To this “steady-state” solution of the equations 
of motion with unbalance is to be added the “transient” solution 
of the equations of motion for the balanced case; due to friction 
this solution dies out eventually, leaving only the steady-state 
motion. 

Suppose next that the shaft is not circularly symmetric and 
has two different stiffnesses or flexibilities in two mutually per- 
pendicular directions; this would be the case if the cross section 
of the shaft were not circular but of any other shape with unlike 
principal moments of inertia. This case was first considered by 
Stodola® and has also been investigated by V. Petrovsky,‘® 
E. L. Thearle,® and H. D. Taylor,’ one of the present authors,® 
and others. One can now calculate two different critica) speeds 
w1, w, corresponding to two modes of vibration of the rotor mass 
M (assumed nonrotating), in each one of the two planes corre- 
sponding to the principal moments of inertia of the section. The 
interesting and surprising feature is that, in the absence of 
friction, the whole range of speeds between w; and a is unstable, 
and this is the case even for a balanced rotor. While the bal- 
anced rotor could still rotate in the undeflected position, the 
least displacement from this position will result in a displacement 
which grows indefinitely with time. If one attempts to revolve 


5 *‘Steam and Gas Turbines,” by A. Stodola, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1927, p. 1125. 

6 Unpublished investigation. 

7 “Critical-Speed Behavior of Unsymmetrical Shafts,” by H. D. 
Taylor, JouRNAL or APPLIED Mecuanics, Trans. A.S.M.E., vol. 62, 
1940, p. A-71. 

8 Unpublished investigation by H. Poritsky. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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such a rotor at a speed lying between the two criticals w, ws, it 
will whirl with an ever-increasing amplitude until it fails or hits 
any stop provided for it. 

The unstable or critical range just indicated cannot be found 
by examining the steady-state bowed-out rotation of an un- 
balanced rotor, although it might be surmised from the fact 
that at the limits of the unstable range the steady-state de- 
flection due to an unbalance is infinite. Inside the unstable 
range, the equations of motion still yield a steady-state solution, 
showing that such a steady motion is possible just as in the case 
of a symmetric shaft (except that as noted the deflection be- 
comes infinite both at w: and w). The instability must result, 
therefore, not from this steady-state solution, due to the un- 
balance, but from the general solution of the equations without 
the unbalance. In the simple case of a symmetric shaft with 
friction, the general solution for the balanced rotor represents 
the transient solution. Now, however, this solution instead of 
being transient, that is, instead of dying out with time, increases 
indefinitely with time. The inequality in stiffnesses is ap- 
parently equivalent (in the critica] range) to “negative damping.” 

The foregoing phenomena take place under no friction. The 
effect of friction consists in narrowing down the unstable range, 
and with sufficient friction it can be abolished altogether. When 
the critical unstable range has thus been eliminated completely, 
the behavior of the rotor with unbalance is not unlike that of a 
symmetrical rotor. However, it exhibits decided differences 
from the symmetrical case in that the position of the maximum 
displacement and its amplitude depend to an appreciable extent 
upon the angular position of the unbalance relative to principal 
axes of inertia. This is of importance in problems of balancing 
such rotors. 

Suppose next that the bearings are not infinitely rigid but 
possess finite stiffness. This case has been investigated by 
D. M. Smith? and forms the main subject of this investigation. 
It is convenient to introduce flexibility coefficients rather than 
stiffness coefficients at this stage (both for the shaft and for the 
bearings). It may be shown that for inertialess bearings one 
may transfer equal amounts of flexibility from the shaft to the 
bearings, or from the bearings to the shaft. Thus, if the bearings 
possess the same flexibility f, = f, in transverse directions, this 
common flexibility may be added onto each of the two shaft 
flexibilities f,, f,, thus reducing the case to one with rigid bearings. 
It follows that the actual individual flexibilities f,, f,, f,, f. do not 
count as much as the total mean flexibility 

2 
and the inequality in the shaft and bearing flexibilities. We 
introduce the notations 


| 


2 


for the relative inequality in shaft flexibilities and 


t+heth 


for the similar relative inequality in bearing flexibilities, both 
measured as fractions of the sum of all the flexibilities. If the 
bearings are rigid, f, = f, = 0, or when their flexibilities are equal 
to each other, f, = f,, then o vanishes; this reduces to the case 
just described. What new features are introduced by non- 
vanishing o? 


p 


® ‘The Motion of a Rotor Carried by a Flexible Shaft in Flexible 
Bearings,’ by D. M. Smith, Proceedings of the Royal Society of 
‘London, series A, vol. 142, 1933, pp. 92-118. 
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It is shown later that the effect of the inequality in the bearing 
flexibilities consists in spreading the unstable range existing for 
o = QO and splitting it for small p into three unstable ranges. A 
further but very small unstable range appears when the speed 
of the rotor is nearly one half of the main critical speed but it 
is easily wiped out by friction; even smaller and narrower in- 
stabilities may appear at other submultiples of the main critical. 

If the symmetrical rotor has several disks, it possesses a num- 
ber of critical speeds equal to the number of degrees of freedom 
(number of concentrated masses). Inequality in shaft stiffnesses 
introduces unstable speed intervals near each one of these 
criticals. A similar statement applies to the added criticals 
when the gyroscopic effects of the disks are taken into account. 
Likewise, if the stator inertia, or the inertia of the bearings, is 
taken into account, several criticals appear for the symmetrical 
case, and with an unsymmetrical shaft these widen into un- 
stable ranges. Inequality in bearing stiffness further multiplies 
the number of unstable intervals and introduces very small and 
weak unstable ranges near their submultiples. 

The effect of friction on stabilizing otherwise unstable rotors 
has been noted. It must be emphasized that this refers to static 
friction and not to rotary friction. By “static” friction is meant 
a force opposing motion (say, of the disk center) relative to 
stationary axes; on the other hand “rotary” friction refers to 
a force resisting motion relative to rotating axes but not opposing 
a steady “frozen” whirl at the rotation speed. Rotary friction 
itself is in general useless for stabilizing an otherwise unstable 
rotor, and in fact produces unstable ranges of speed of its own (at 
sufficiently high speeds). 

While the principal results obtained have been briefly sum- 
marized, some of the features of the critical speeds and of the 
rotor behavior near them cannot be completely understood 
without going through the mathematics in more detail. It 
develops that, in the general case of nonvanishing « and p, one 
is led to the solution of differential equations with “periodic 
coefficients.” Certain necessary facts regarding solutions of 
such equations are explained in the next section and are followed 
by a more complete explanation of the instability phenomena. 


2 SraBiLiry AND INSTABILITY OF SOLUTIONS OF DIFFERENTIAL 
Equations Periopic COEFFICIENTS 


In the absence of unbalance and friction the equations of 
motion of a symmetric, single-disk rotor mounted at the middle 
of a light shaft possessing unequal flexibilities, supported in 
massless bearings with unequal flexibilities, are 


2V 


ax d?y 
(1 + o + p cos 2r) 7 + (p sin 2r) 7 


+ = 0.. [2.1] 


d?X d?y 
(p sin 2r) 7 + (1 — p cos 2r) + uY =0.. [2.2] 


Here p is the measure of the inequality of the shaft flexibility, 
and o the similar measure of the inequality in bearing flexibilities 
(see Equations [1.1] and [1.3]), and 


X, Y are horizontal and vertical displacements of geometrical 
center of disk 

rt = wt where ¢ is time and w the rotation speed of the rotor 
(assumed constant) 


10 Motion governed by such differential equations has been called 
by Timoshenko ‘‘quasi-periodic motion.’’ This term is used in 
physics for an entirely different type of motion. We cannot see 
what is wrong with ‘‘differential equations with periodic coefficients.” 
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oscillates against f,,, the combined mean flexibilities 
of the shaft and the bearings (/,, is given by Equation 


From Equations [2.1], [2.2] it follows that the stability is 
determined by the values of the three parameters: p, ¢, un. A 
three-dimensional space is needed to represent all possible cases. 
Our object is to outline the stable and unstable regions in this 
(p, Space. 

Equations [2.1], [2.2] are the system of linear differential 
equations with periodic coefficients referred to at the end of the 
preceding section. Such differential equations or systems of 
such equations, in general, admit special solutions for which 
each one of the variables is of the form 


= critical frequency with which rotor mass M 


(Periodic function) = P(r) [2.4] 


where the periodic function has the same period as the coefficients 
(in this case, of period r = wr). For a system of differential 
equations with periodic coefficients, as stated, each one of the 
variables in the special solution is of the form of Equation [2.4] 
with the same A; the periodic factor in general is not the same 
for different variables. 

The number of the special solutions, Equation {2.4} is equal to 
the degree of the equation or of the system. The general solu- 
tion is a linear combination of these special solutions. 

Thus in case of Equations [2.1], [2.2] the system is of the fourth 
order; hence there are in general four distinct solutions of the 
form of Equation [2.4], each with its own A or its own “exponen- 
tial multiplier,” e*’. Corresponding to each 2 there is a solution 
with both X and Y of the form of Equation [2.4]. 

The \’s may be either real or complex. For “real differential 
equations” (that is, differential equations with real coefficients), 
corresponding to each complex value of \ there is also a solution 
with \, the conjugate imaginary of \. If any one of the four 
\’s has a real positive part, then instability obtains, since the 
solutions become infinite with time. Hence only if the \’s have 
zero or negative real parts is instability avoided. 

Since the differential Equations [2.1], [2.2] have real coeffi- 
cients, corresponding to each value of \ there is also a solution 
with \, its conjugate complex. If X(r), Y(r) is a solution of 
Equations [2.1], [2.2], then X(—r), — Y¥(—v7) is also one; 
hence corresponding to each X, its negative — ) is also a possible 
value in Equation [2.4]. Thus, two \’s characterize the solutions 
which may be classified as follows: 


@ Both »’s pure imaginary. 

(2) One X real, the other pure imaginary. 

@ One d is the conjugate complex of the other. 
@ Both 2's real. 


Cases @), (3), @ are unstable; only Case ©) is stable. 

Transitions from stable to unstable cases may occur by having 
two \ values approach each other at the origin and recede along 
the axis of reals, thus passing from Case @ to Case @, or by 
having two \-values approach each other at an arbitrary point 
on the pure imaginary axis and recede at right angles, thus 
passing from Case (i) to Case (@). 


3 Srasmiry NEAR Main CriticaL SPEED FOR SPECIAL CASES, 
=0,¢ = 0 


The differential Equations [2.1], [2.2] are soluble by elementary 
methods in the case ¢ = 0 corresponding to lack of inequality in 


the bearing stiffnesses, as well as in the case p = 0, corresponding 
to a symmetrical shaft. 
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In the former case (o = 0), the differential equations still have 
periodic coefficients; however, by referring the motion to rotating 
axes it is possible to reduce the differential equations to equations 
with constant coefficients. The determination of the expo- 
nential solutions reduces to the solution of a proper fourth-degree 
equation in A, namely 


(1 — p?)(A? + 1)? + 2u(A? — 1) + w? = O....... [3.1] 


The transition from stable to unstable cases here occurs for 
A? = 0, namely, when 


0, (u—1)? = ..... [3.2] 


The stable and unstable regions in the (, u) plane are shown in 
Fig. 1. The region marked @, between the lines 


(1 =p?) + 


is unstable; in this region one pair of )’s is real and another is 
pure imaginary. Outside the angle between these lines, in the 
region marked @, stability obtains, al] four \’s being pure imagi- 
nary. Another possible locus for transition to instability is 
the curve 


9(1 — p*) —10u + w? = O............ [3.4] 


corresponding to the imaginary root of Equation [3.1], \ = 2z7. 
This divides the unstable region in Fig. 1 into two parts. 
In the case p = 0, Equations [2.1], [2.2] reduce to 
d?Y 


Y = 0.... [3.5] 


and admit stable solutions corresponding to exponentials e*” 
with the pure imaginary exponents 


1 
The whole (u, c) plane is stable, as shown in Fig. 2. The loci 


and 


l+o 


at which proper \-values Equations [3.6] are equal to 7, or differ 
from each other by 27, may serve as possible transitions to in- 
stability and are shown in Fig. 2. 

Figs. 1 and 2 are combined and shown in perspective in Fig. 3. 
The shaded region in the plane ¢ = 0 corresponds to instability; 
the numbers on the various curves refer to the equations which 
represent them. 


4 GENERAL CaSE OF VARIABLE SHAFT AND BEARING 
FLEXIBILITY 


If in Equation [2.4] P(r) be expanded in a periodic solution, 
there results 


Examined from the point of view of this expansion, d is indis- 
tinguishable from any other number in the periodic group of 
possible values differing from each other by multiples of 27, and, 
in fact, any other number of this periodic group could be used in 
Equation [2.4] equally well. On the other hand, for the two 
special cases considered in section 3, namely, co = 0 or p = 0, a 
reduction to differential equations with constant coefficients was 
possible with a consequent unique set of values of \ equal to the 
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degree of the differential system, namely, four. This difference 
between the general and the limiting cases may appear to be 
disconcerting at first. The discrepancy is explained by noting 
that, in Equation [4.1] each one of the possible values of \ occurs 
in a proper exponential term with a coefficient P,. In general 
none of these coefficients vanishes; in special cases, however, 
one or more of them may vanish. In particular, when the 
differential equation with periodic coefficients reduces to one 
with constant coefficients, what happens is that all but one of the 
coefficients of the expansion, Equation [4.1] drop out and there 
is left just a single exponential with a single coefficient. The 
moment, however, when by a proper change of parameters 
the differential equation resumes its periodic coefficients, all the 
nonvanishing coefficients in general resume their nonzero values 
and one thus passes from the single value of \ to the periodic 
group of )’s. 

One might draw an analogy to the foregoing phenomenon from 
the spectrum of a discharge in which at first just a single line of a 
particular series is excited, and then by some change in the dis- 
charge conditions, the whole spectrum is made to flash forth. 
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To take account of rotating axes and for other reasons, it 
turns out to be convenient to subtract (or add) the value i to 
the \ values in Equation [4.1], thus converting the expansion of 
the special solutions of Equation [2.4] to the form 


From the foregoing it follows that it is proper to allow the same 
freedom in discussing the values of \ for the special case p = 0, 
in which the periodic coefficients do or can be made to disappear, 
as in the general case where the periodic coefficients are present, 
namely, the freedom of subtracting or adding multipliers of 27 to 
any one of the roots of the Equations [3.1], [3.6]. In fact, it is 
only with this freedom that the labeling in Figs. 1 and 2 is cor- 
rect. Thus, the curve marked \,; = 0, in Fig. 1 is really a curve 
corresponding to the root \ = 27 in the characteristic Equation 
[3.1]. Similarly 4; = A2, in Fig. 2, is really obtained by letting 
two values of \, indicated by Equation [3.6] differ by 27, and the 
straight line marked \; = 0 really corresponds to A = 1. 

What happens for the general case of nonvanishing p and a is 
indicated in Fig. 4 which represents the situation for « = 01. 


| | 
| || 
| 


FOOTE, PORITSKY, SLADE—CRITICAL SPEEDS OF A ROTOR 


Comparing Fig. 4 with Fig. 1, it will be noted that the unstable 
region which lay between the two straight lines [3.3] has now 
split up at its left end (that is, near p = 0) into three parts. In 
place of the single vertex previously at » = 1, there are now 
three vertices which travel out in the plane p = 0 as o increases, 
along the lines [3.7] and [3.8] (see also Fig. 3). In the regions 
in Fig. 4, marked @ the solution is stable; in all the other re- 
gions, marked @), @, @, there is instability. 

It will be noted that for a small value of p, for instance, p = 
0.05, there are three unstable speed intervals, namely, between 
A and B, between C and D, and E and F, in Fig. 4. On the other 
hand, for values of p sufficiently large (p > 0.2) the unstable 
intervals coalesce and there is a single unstable range, extending 
from the curve FJ to the curve AG. The splitting of the un- 
stable region of the plane o = 0, which occurs at its left end, 
takes place along the curve [3.4] in Fig. 3. As o increases from 
0, this curve apparently gives rise to several curves in Fig. 4, 
for one, to the curves BH and EI, as well as to the curves marked 


~~= GURVES OF EQUAL DEGREE OF 
INSTABILITY OR EQUAL DEGREE OF 


EXPONENTIAL INCREASE 
== CURVE ON WHICH 
' | 
| | 
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hie. 5 STABLE 


Cand D. Similarly, the curves AG, FJ grow out of the straight 
lines [3.7] of Fig. 1. 

Each of these curves as well as the dotted curve at the right- 
hand limit of the region @) mark a change in the nature of the 
values of \ which characterizes the solutions of the differential 
equations, In passing from the regions @ to the regions marked 
2), one pair of the pure imaginary \’s has become real. In the 
region (3) the \’s have general complex values. Finally in the re- 
gion marked @) both pairs of \’s are real. 

As o increases, the unstable regions spread. Figs. 5 and 6 
show the regions of stability, marked @, and instability, marked 

2), @), or @, for ¢ = 0.25 and o = 0.5, respectively. 

When instability exists, the degree of instability is of interest. 
By this is meant the magnitude of the real part of \ in Equations 
(2.4] or [4.2], if there is but one such \, or the larger of the real 
parts of the two \’s leading to instability, if two unstable solu- 
tions Equations [2.4] exist. In Figs. 5 and 6, the dotted lines 
are lines along which the degree of instability is constant. These 
lines also give approximately the boundaries of instability when 
frietion is introduced into the problem. Indeed, these lines also 
indicate the limit of the region of instability corresponding to any 
one value of f, a properly defined coefficient of friction. 

The foregoing results essentially agree with the results obtained 
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by D. M. Smith? who happened, however, to have missed com- 
pletely the middle region of instability, namely, the region 
marked @), @ in Figs. 4 to 6. This omission may have been 
due to the fact that Dr. Smith may have judged this problem 
only by analogy to the second-order Mathieu equation, where 
instability arises by having \ go through zero or i only. 


5 Derivation oF EquaTIONS OF MOTION AND THEIR SOLUTION 


Let x, y-axes be fixed axes in space relative to which the bearing 
flexibilities are f,, f, and let u, v-axes denote directions rotating 
with the shaft relative to which the shaft flexibilities are f, and 
f,. The u, v-axes are assumed to rotate at a constant angular 
velocity w, corresponding to the uniform rotation of the rotor, 
the u-axis making an angle @=t with the z-axis. Ifa force whose 
components are F_ and F, is applied at the middle of the shaft, 
the total deflection that it will produce may be obtained by adding 
separately the deflections f,F,, f,F, due to the bearing flexibilities, 
as well as the deflections due to the shaft flexibilities. To find 


T 
| ™ 
Q 2 3 
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the latter, one computes the components of the applied force 
along the u,v directions, calculates the resulting deflections, 
then converts them back again to displacement components in 
the directions of the z- and y-axes. The analysis is straight- 
forward though long. By introducing the quantities f,,, p, ¢, 
defined by means of Equations [1.1] to [1.3], the final relation 
between the total displacement components X, Y and the force 
components F,, F, is given by 


X/fm 
} 


\ 


[5.1] 


4 


[1 + + pcos + p sin 26 F, 
psin 20 F, + [1 —o —p cos 26] F, 


Suppose now that the force F,, F, represents the reaction 
of the rotor upon the shaft so that an equal and opposite force 
will be exerted upon the shaft and the rotor. Taking frictional 
resistance, the forces due to unbalance, as well as gravity force 


into account, one is led to the equations of motion 


iX ) 
M — = — F, + mrw* cos (wt + 
dt? dt 15.2] 
ry dY 
M F, + sin (wt + + Mg 


= 
| 
| =. | 
| 
| le 
7 
= 


M = mass of rotor 

b = coefficient of friction = force per unit velocity 
m = mass of unbalance 

r = distance of unbalance from shaft center 


> .. 10.8] 
= rotational velocity of rotor, assumed main- 
tained constant . 
¢ = angle which line from shaft center to un- 
balance makes with u-axis. j 


In particular, neglecting unbalance, friction, and gravity, intro- 
ducing 7 and u, as in Equation [2.3], and eliminating F,, F,, one 
is led to Equations [2.1], [2.2]. 

The solution of these equations and of the equations with fric- 
tion and unbalance was first carried out on the differential 
analyzer, by starting with arbitrary initial values, running out 
the solution for a convenient number of cycles and examining 
the latter to determine whether instability exists or not. Due 
to the beats between the frequency of rotation and the fre- 
quencies corresponding to the imaginary parts of \; and Ag, it 
was not always possible to determine with precision the limits of 
the regions of instability, though there was no difficulty in obtain- 
ing their general location. Possible slight inaccuracies inherent 
in the differential analyzer due to twisting of loaded shafts and 
to lost motion might have contributed to the difficulty of deciding 
between stability and instability when the degree of the in- 
stability was very small. An analytical solution of the equations 
was therefore undertaken. 

The analytical form of Equations [2.1], [2.2] is simplified 
considerably by introducing the variables 


Z=zX+iY, 


in place of X, Y. Multiplying Equation [2.2] by 7, adding and 


subtracting to Equation [2.1] and introducing Z, Z, one trans- 
forms Equations [2.1] and [2.2] into 


Z + uZ + (o + pe*")Z = 0 } 
Z + uZ + + pe~*)Z =0 


in fact, here dots have been used to indicate differentiation with 
respect to r. These equations, though involving complex quan- 
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tities, are simpler than Equations [2.1] and [2.2] for purposes 
of solution, although they still involve periodic coefficients. 

For the special case ¢ = 0, the periodic coefficients may be 
eliminated by setting Z = e''Z’, Z = e~**Z’, this being equiva- 
lent to introducing rotating axes. In the general case, to obtain 
the special solutions of Equations [5.5] of the form equations 
[2.4], we expand both Z and Z in series of the form expression 
[4.2]; it is slightly more convenient, however, to start with a 
similar expansion for the second derivatives of these variables 


where the coefficients A,, B,, and the value of \ in the exponen- 
tial are to be determined. Substituting these expansions into 
Equations [5.5] and equating the net coefficients of the same 
exponentials on both sides, one obtains the following recurrence 
relations between the coeflicients 

These equations constitute an infinite number of linear equations 
in the infinite number of variables A,, B,, although each single 
equation contains only three adjacent variables so that the 
nonvanishing coefficients can be arranged along three diagonals. 
The point in the array of Equations [5.8] at the intersection of 
the horizontal and vertical lines will be referred to as the “origin’”’ 
of this array. 

It is possible for any u, p, ¢, by assuming an arbitrary \ and two 
successive coefficients, for instance B-,, Ai, to determine B, 
from the first equation below the origin, then A;, ete., while from 
the preceding equations one could determine in a similar way 
Any Bae, However, this manner of solving Equations 
[5.7] leads in general to divergent series when substituted back 
into Equations [5.6]. 

To obtain convergent solutions, one picks a square array from 
Equations [5.8], proceeding equal distances to each side of the 
origin by neglecting the remaining coefficients and equations, 
solves these, and then lets the size of the square become infinite. 
The finite number of equations is equal to the number of un- 
knowns, and nonzero solutions of it exist if and only if, the 


= 
pB,, oB, = 0 
.. [5.7] 
1 
A,, = | + O > = B, + pAn+2 0 
or more explicitly 
4 1 = B A 
+ + 1) + pA, =0 
[it it oB, = 0 
[5.8] 
+ pA; = 0 
| + [1+ Be = 0 
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determinant of the coefficients is equal to zero. We denote by 
A, for n odd the determinant of order 2(n + 1) obtained in this 
way. Asn becomes infinite, the solution in \ of the equation 


will approach the required value of A, while the ratio of any two 
coefficients, for instance, B-,.: A; ... will approach ratios satisfy- 
ing Equations [5.7] and [5.8]. 

It is convenient to introduce the determinants Dn(d) whose 
order n + 1 is one half of the order of A,(A), and which con- 
stitute the lower right-hand half of A,, as well as the correspond- 
ing determinants of order one less, C,(A), obtained from D, by 
omitting the last row and column. Forn = 1, C,, D, are given by 


C= 14+—— D,; = 
(A + i)? (A + i)? 


while for larger n, by expanding D,, C, in terms of the elements 
of the last row one obtains the recurrence equations 


D, =} 1 C,, — o?Dn—2 
n | (r a n 


C, = + | 
| (A + 


From these recurrence relations the C’s, D’s may be calculated 
successively by starting with the initial values, Equations [5.10]. 
Similar determinants may be obtained from the upper half of 
A,(\). Their calculation, however, may be simplified by 
noticing that they are equal to D,(—\), C,(—)), respectively, 
and that they may be derived from those of the lower half by 
replacing \ by — 

By expanding A, in a Laplace expansion, one arrives at the 
relation 


A,(A) = D,(d)D,(— A) — N,(A)N,(— A)... [5.12] 


where N,(A) is a determinant which is obtained from D,(A) by 
replacing its first column by (—p, 0,0, ...). The N,, along 
with VW, obtained from them by omitting the last row and column, 
satisfy the recurrence equations similar to Equations [5.11]; 
their initial values are given by 


M,(A) = —p, Ni(d) = 


As n gets large (or as \ becomes infinite) the coefficients in the 
principal diagonal in the array, Equations [5.8], approach unity 
and the equations approach what are known as difference equa- 
tions with constant coefficients. The solution of the latter is 
readily found, special solutions being given by 

C, = Ck”, D, = C(k? + 
where C is an arbitrary constant and k satisfies the equation 
k* — (1 — o? — p*)k? + o%p? = 0........... [5.15] 


This, with the larger root k*, determines the asymptotic behavior 
of D,(A), N, (A), ... and shows that 4,(A) /k?" approach a finite 
limit which we denote by F(A) 


= lim F,(d) = lim A,()/k?" = lim [D,(d) D,(— ») 
— N,()Nq(— 2) . [5.16] 


The function F(A) is readily shown to be periodic in \ of period 
2i; to have roots at +A; + 2ni, +A, + 2ni; 4th order poles at 
A = +7, +37, ... and to approach 


= — = lim [5.17] 


E 
k? — ky? 


as \ becomes infinite in directions other than that of the pure 
imaginaries, where k*, k,? are the two roots of Equation [5.15], 
k* being the larger one. From the foregoing, one may prove that 


E (sin — sin? (si — sin? 


F(A) = . - [5.18 

(xa/2) 
where, to emphasize the periodicity, we have introduced 

A = ai, = = [5.19] 


The calculation of 1, 2 or a, a2, that is, of the roots of F(A), 
is carried out as follows: For \ = 0, Equation [5.12] or [5.16] 
yields 


Calculation of the loci \ = 0 was carried out by means of this 
relation by trial and error, the convergence of this fraction with 
n being fairly rapid. For general \ direct use of Equation 
[5.12] or [5.16] proved too laborious. Instead, the quantities 


K,; = sin? = sin? = 
[5.21] 
ra 
= cos? cos? 


were introduced, which determines \;, \: and are determined by 
them. These quantities are always real (though not necessarily 
positive) even if the \’s are complex. By equating A to zero in 
F(d), also by examining the singularity of F(A) at the fourth- 
order pole at \ = 7 and utilizing Equations [5.16], [5.17], one 
obtains 


K li D,?(0) N,7(0) 


D,7(1) 
K, ={[{-) — lim ——— = lim Ka 


The convergence of Kin and Kn to their limits K; and K; with n 
in Equations [5.22] proceeds too slowly. To remedy this, a 
more thorough study of Equations [5.11] for large n was under- 
taken and led to proper convergence factors 


cos? 
R 


= lim Kin 
. - [5.22] 


.. [5.23] 


where 


k? — k,? 


Here x denotes a finite product with s taking on odd and even 
integer values, respectively. The factors multiplying Kin, 


| | 
[5.11] 
K, = lim Kia 
s=1 3? 
Kon 
2 
20-2) | 
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Kx in Equations [5.23], while themselves approaching unity, 
speed up the convergence toward K,, K, enormously, rendering 
their calculation possible. 

Stable solutions lead to Ki, Ky values lying in the portion of 
the first quadrant limited by the parabola 


6—ErFrFEcT OF FRICTION AND UNBALANCE 


[5.24] 


If the friction and unbalance terms in Equations [5.2], [5.3] 
are not neglected, the equations of motion become 


+ Z + (o + + + + 
= (1 + + 
uZ + 7+ (0 + + flZ + + 
= (1+ p)r’e + +9) 


[6.1] 


where the dimensionless friction factor f and the eccentricity r’ 
are given by 


f b/Mw \ 
r’ rm/M 


These equations have been examined in a manner similar to that 
of Equations [5.4]. 

For r’ = O and for small f (say <0.2), the main effect of friction 
is to decrease both \’s by f/2. Hence, the solid lines of Figs. 5, 
6, limiting the region of instability, are shifted to proper dotted 
lines of those figures. Thus for f = 0.2, the boundary of in- 
stability would recede approximately to the dotted curves 
marked 0.1. 

In the presence of unbalance (r’ ¥ 0), the equations of motion 
are nonhomogeneous. The solution of these equations consists 
of a periodic solution plus a general solution of the homogeneous 
equations for which r’ = 0. Hence, unless stability obtains, the 
periodic steady-state motion, though existent, is of little interest. 

To obtain the periodic motion, the expansions, Equations 
[5.6], but with X = O are substituted in Equation [6.1]. The 


resulting equations for the coefficients are similar to, although 
more complex than, Equations [5.7], or [5.8], the four middle 
equations now being nonhomogeneous. 

In the region of the main critical speed, it develops that all 
The main part 


but the first harmonic terms A -,, A; are small. 
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of the steady-state motion near the main critieal speed is con- 
tributed by the coefficients A,, A—, 


The semimajor and semiminor axes of the ellipse are given by 


a = |A,| + |A-,|, b = — 164 
and the angle y which the semimajor axis makes with the avis 
of z is given by 


1 
(arg A; + arg A-,)....... 


Fig. 7 indicates the elliptic motion for the case p = 0.1, 
o = 0.1, f = 0.1, and wu near 1, and for various angles of un- 
balance ¢; the initial position of the disk center is also shown in 
Fig. 7. In Fig. 7 r’ has been equated to unity. The dependence 
of the deflection upon the angle of unbalance is similar to the 
familiar case of ¢ = 0. The higher harmonics may be considered 
to add a small ripple on the elliptic motion. For « near 9, 25, 
... the values of A;, As, ... get large. 

The effect of gravity force is to produce large amplitudes 
near w = 4. 
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By C. O. DOHRENWEND?! ano W. R. MEHAFFEY,? CHICAGO, ILL. 


The measurement of dynamic strains of both high and 
low frequency give rise to a variety of problems in instru- 
mentation. Two types of equipment and circuits designed 
and used by the authors are discussed in detail. The first 
type based on the amplitude-modulated method is for low 
frequencies from zero to about 15 per cent of the carrier 
frequency of 1025 cycles per sec. The equipment has ap- 
plication to strain measurements varying from static 
values to those produced in moving vehicles, various ma- 
chine parts, structures such as crane bridges, in fact all 
strain measurements where the frequency is 150 cycles per 
sec or less. The second type of equipment discussed is a 
potentiometer type and is for high-frequency strain meas- 
urements from 100 cycles per sec to 8000 cycles per sec. 
This high-speed equipment is conveniently used for im- 
pact strain, such as produced in hammer blows, shock 
loading, forging equipment, and impact-factor determina- 
tion. Both units are designed to be used with a cathode- 
ray oscillograph which lends itself to a variety of recording 
methods. The methods discussed include both the type 
where the time axis is obtained by sweeping the oscillo- 
scope beam on a stationary film and where the time axis is 
obtained mechanically. 


the value of the stress is a very effective method for es- 

tablishing the stress distribution in a structure. In the 
past, these strain measurements have been limited to static- 
strain conditions, and to measurements where the stress-time rate 
is small. It has only been since the advent of electrical methods 
for determining displacements and strain that the recording of 
rapidly changing strain has been possible. Problems involving 
the determination of stress, when the stress-time rate is rapid, 
are of primary importance now just as the determination of static 
stresses was important in the past. Electrical strain-recording 
equipment, involving no moving parts, has made measurements of 
strains possible even when they are produced by two steel sur- 
faces colliding in impact. 

The wire-resistance-gage method was first used by G. Diat- 
wyler and D. 8. Clark at the California Institute of Technology 
for impact testing in tension,’ as reported in 1938. Prior to that 
time A. V. de Forest at the Massachusetts Institute of Tech- 
nology used integral carbon-resistance gages for stress measure- 
ments in propellers in flight. The idea of the bonded-wire gage 


r NHE measurement of strain for the purpose of determining 


! Chairman in Charge of Mechanics, Armour Research Foundation. 

? Associate Physicist, Armour Research Foundation. 

Relations Under Tension Impact Loading,”’ by 
G. Diatwyler and D. S. Clark, Proceedings A.S.T.M., Part 2, Tech- 
nical Papers, 1938, pp. 98-106. 

‘The Measurement of Impact Strains,’’ by A. V. de Forest, Fifth 
Annual Congress for Applied Mechanics, Cambridge, Mass., 1938, pp. 
673-676. 

Contributed by the Aviation and Applied Mechanics Divisions 
and presented at the Annual Meeting, New York, N. Y., Nov. 30- 
Dec. 4, 1942, of THe AmeRICAN Society OF MECHANICAL 
ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1943, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


was conceived by E. E. Simmons at the California Institute of 
Technology and improved by Ruge at the Massachusetts Insti- 
tute of Technology. It is now manufactured and sold under the 
trade name “SR-4 electric strain gage.” 

The progress in design for maximum strength with lightest 
weight has depended to a large extent upon the ability to deter- 
mine the proper shape and amount of material necessary to with- 
stand the service conditions that would be imposed upon the 
part. The necessary conclusions were reached in the past by the 
use of static tests and field experience. It is true that theoretical 
considerations offered solutions to the simpler problems, but the 
more complicated pieces required cut-and-try methods. 

When this procedure employed the measurement of strain by 
the use of mechanical devices, the results were often unsatis- 
factory. The chief disadvantages of such equipment lay in the 
facts that for the desired sensitivity the instruments were not 
sturdy, and the inertia of the parts limited them to low-frequency 
response. Attempts at increasing the sensitivity by increasing 
the gage lengths work satisfactorily for large structures with 
uniform stress over a long range, as in the case of a bridge mem- 
ber, but this technique applied to the problems of stress concen- 
tration in small pieces is impossible. 

The manner in which a recording can be obtained from a 
mechanical gage is always a problem as the recorder parts add 
to the inertia of the system. The ease with which mechanical 
gages are upset by vibration and shock also contributes to the 
difficulties of applying the mechanical type of strain- and dis- 
placement-measuring equipment to the problem of recording 
dynamic values. The electrical equipment which is now availa- 
ble has overcome most of these primary disadvantages so that 
the cut-and-try method is materially shortened by the more ac- 
curate and direct measurements. 


Types or ELectrricaL GAGES 


There are three basic methods for measuring strain by elec- 
trical means. These three basic methods consist of measuring 
the change in electrical resistance, capacity, or inductance as the 
load is applied and the stressed material is strained. All three 
of these methods have been used. 

The principle of operation of the magnetic gage is that the re- 
luctance of a magnetic circuit can be varied considerably by 
small changes in length of an air gap. A commercial gage of this 
type, developed by Hathaway in 1937, consists of two sections 
of silicon-steel laminations bolted to the member to be tested. 
These sections are separated by a small adjustable air gap. A 
coil of many turns of fine wire is wound around one of these 
sections, and this coil is used as one arm of an impedance bridge. 
The resulting amplitude-modulated signal can be rectified, 
filtered, and applied to a D’Arsonval meter or a cathode-ray 
oscilloscope. The measuring level of these gages is some dis- 
tance above the surface of measurements. This means flexural 
rotation is amplified. In most cases it is therefore necessary to 
use a gage on either side of the member to make possible the cor- 
rection for this error. : 

The main problem in the application of the magnetic gage is 
the method of securing it to the member. It is necessary to drill 
two holes in the member, using a special drilling jig which holds 
the two halves of the gage in the proper relative positions. The 
drilling jig is then removed and the holes are counterbored and 
tapped. The counterboring is necessary to insure that the gages 
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will line up properly on rough steel sections. Also, if the counter- 
boring is eliminated, additional air gaps exist in the magnetic 
circuit because of scale and other deposits on the metal to which 
the gage is fastened. 

Since the member under test is a part of the magnetic circuit 
this form of magnetic gage is only applicable to steel structures. 
It is, however, possible to design a gage which will not use the 
member as part of the magnetic circuit, but this type of design 
usually results in gages in which the point of measurement is 
further displaced from the surface of the member. 

Strain gages of the capacitance type have been used. They 
consist of two small condenser plates fastened to the stressed 
member. As the stress is increased, the dimensions of the con- 
denser change. This change in capacitance is used to unbalance 
a bridge or to frequency-modulate an oscillator. There are two 
types of capacitance gages which can be used. The first type 
of capacitance gage operates on the following principle: The 
area of the gage changes with changing stress in the member, 
thus producing a change in capacitance which is proportional to 
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the stress in the member. The second type of gage operates 
by changing the spacing between the condenser plates as the 
stress in the member changes. This results in a capacitance 
change inversely proportional to stress in the member. The 
chief difficulty with these gages is that the capacitance change is 
small, since only small condensers can be used; hence it is hard 
to obtain a stable method of measurement. 


RESISTANCE-TYPE GAGES 


The first resistance gages were made using a carbon-pile re- 
sistance. These gages were marked under the trade name ‘Te- 
lemeter.”’ These gages work for dynamic strains but they will not 
repeat. The carbon-resistance gage was improved by the de- 
velopment of integrally molded carbon strips by A. V. de Forest,‘ 
as previously noted. These gages were somewhat better than the 
older forms of carbon gage but likewise lacked long-term stability. 

The bonded-wire SR-4 gage consists of a fine alloy wire bonded 
by cement to a thin sheet of paper; and this paper is bonded to 
the member. The exposed side of the gage is covered with a 
layer of felt to protect the fine wire. The ends of this wire grid 
are soldered to fairly heavy lead wires which are attached to the 
paper layer by small wooden blocks. The action of this gage de- 
pends upon the bonds’ being good enough so that the strain is 
transmitted to the wire by the cement. 

The principle of operation of the wire gages is that a wire 
changes in both length and cross section when stressed, thereby 
changing its resistance. The wire used in the gages is of extremely 
small diameter and various effects have been noticed with a vari- 
ety of alloy wires.® 

The equipment to be used with the strain gages consists of four 
basic types. The first type is the Wheatstone bridge for static- 
strain measurements. Since the changes in resistance to be 


5 “Characteristics of Wire Resistance Strain Gages,"’ by A. V. de 
Forest, Instruments, April, 1942, pp. 112-114, 186-137. 
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measured are small, very good switches must be used in order to 
avoid contact-resistance troubles. A simple form of this bridge 
consists of using two strain gages for the balancing arms and 
mounting them on a leaf spring with a micrometer adjustment 
so that they are strained to balance the bridge. This makes a 
cheap and convenient method of manufacturing a bridge, and 
for many purposes it is satisfactory. 

The second method is the potentiometer method in which the 
strain gage forms one of the resistors of a simple potentiometer 
and the potential drop across this gage is applied to an amplifier, 
Fig. 1. If this amplifier is of the direct-current type, it will re- 
spond to static stresses as well as to dynamic stresses. The 
principal reason for avoiding the use of direct-current amplifiers 
is their extremely bad drift over long periods of time. This drift 
can be partially corrected by the use of degeneration and special 
compensating circuits, but, in general, the calibration must be 
checked at frequent intervals. These drifts are due to changes 
in plate and filament voltages of the tubes and to a random effect 
known as contact potential. If stability is of prime importance, 
an alternating-current type of amplifier can be used. By proper 
design the alternating-current type of amplifier can be compen- 
sated to respond from several cycles per second to several mega- 
cycles. The circuit diagram of an alternating-current-type poten- 
tiometer strain-gage equipment is shown in Fig. 2. The fre- 
quency response of this unit is from 40 cycles per sec to 85,000 
cycles per sec. In order to obtain this frequency response, ex- 
tremely short leads must be used, and all cables must be of special 
low-capacity type. The upper frequency limit can be extended 
by using lower gain per stage so that the effect of shunting capaci- 
ties will be less at the high frequencies. The low-frequency re- 
sponse is determined by the allowable phase shift, and this low- 
frequency limit can be extended to 2 cycles per sec if some. phase 
shift can be tolerated. 
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The third type of strain-gage equipment makes use of the prin- 
ciple of amplitude modulation. In this system, the strain gage is 
one arm of an alternating-current bridge. The output signal from 
the bridge consists of an alternating-current voltage amplitude, 
modulated by the variations in strain in the member, Fig. 3. In 
order to compensate for temperature effects, it is best to use a 
second strain gage as one of the other bridge arms. This gage is 
applied at the end of the cable so that the temperature will be 
the same as that of the member. These long leads with their dis- 
tributed capacity make it difficult to secure a good capacitive 
balance at high audio frequencies. This limits the carrier fre- 
quency to 1000 to 2000 cycles unless very short leads can be 
used. The band of frequencies which can be covered by this 
method is from zero frequency to 15 per cent of the carrier fre- 
quency. 

Since the unbalanced voltages produced by stress variations 
are very small, it is necessary that each unit of this system be 
completely isolated from the other units; that is, the amplifier 
must not receive « direct signal from the oscillator. 
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Fig. 6 Meruop oF STRAIN MEASUREMENT 
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Special forms of impedance bridge must be used because of the 
small changes in resistance for small stresses. If ordinary decade- 
type resistors are used in the bridge arms, the changes in contact 
resistance of the switches will be comparable to the resistance 
changes due to stress. In addition to this, the decades must 
cover extremely low resistance values and such decades are 
difficult to make. To avoid this difficulty a shunt bridge can be 
used, Fig. 4. With this circuit ordinary switches can be used 
and the lowest resistance value is 50 ohms. The chief objection 
to this type of bridge is that it is difficult to balance, because of 
the complexity of the circuit. Fortunately, the Baldwin-South- 
wark gages run quite uniform in resistance value so that an ex- 
perienced operator can rapidly find the balance for a new gage 


Stress axis: vertical.) 


Fig. 7 CALIBRATION Bar FOR STATIC STRAIN 


and, once having recorded these readings, he can quickly rebal- 
ance it at any future time. This procedure eliminates the high 
cost of using precision resistors in the bridge circuit. It is only 
necessary to use wire-wound resistors having good stability char- 
acteristics and their exact value is not critical. The oscillator 
used with this type of bridge equipment must be capable of good 
wave form, frequency, stability, and constant output. The most 
convenient form of oscillator to use at the present time is the re- 
sistance tuned type. 


Srress-MEASUREMENTS, AMPLITUDE-MODULATION CIRCUIT 


This method of interpreting the electrical change induced in 
the measuring head by the strain is particularly useful when static 
strains and low-frequency strains are to be measured. In this 
type of instrumentation, the gage circuit is a special shunt form 
of bridge as described previously. This bridge is balanced by ad- 
justing both arms until the meter reads zero when the stress is 
zero. It may be unbalanced in either of two directions; (1) the 
measuring gage may be made higher in resistance by a tension 
stress in the member which will elongate the wire in the gage; 
(2) the measuring gage may be made lower in resistance by « 
compression in the member, which will shorten the wire of the 
gage. Both of these unbalances will cause the meter to deflect. 
Therefore, when the bridge is balanced at zero stress, it is impos- 
sible to determine the nature of an unknown strain, i.e., whether 
it is tension or compression. If the unbalanced voltage is re- 
corded for both tension and compression strains and the result 
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Fic. 9 AmpLitupE-MopULATED STRAIN MEASUREMENT ON A 
Puncu Press 


(Time axis: horizontal. Stress axis: vertical.) 


plotted, a curve of the shape of that shown in Fig. 5 results. 

In order that tension strains may be sorted from the compres- 
sion strains, the bridge is given an initial unbalance by varying 
the circuit to make the standard gage arm of the bridge lower in 
resistance than the measuring gage until the meter reads at cen- 
ter scale. With the circuit in this condition, a tension strain will 
further increase the resistance difference between the standard 
gage and measuring gage, which causes the unbalanced voltage 
to increase and the meter to read up scale. A compression strain 
will decrease the resistance difference between the standard gage 
and the measuring gage which will cause the unbalanced voltage 
to decrease and the meter to read down scale. In this manner it 
is possible to distinguish the sign of the strain. 

When a static-stress condition is to be measured, the meter is 
sufficient for an indicating means, also when the stress is varying 
with time and the variations are slow, as when a crane trolley 
rolls across the crane girder the meter will follow the stress varia- 
tion with no difficulty. However, when the stress variation is 
rapid (but still within the limits of measurement by the carrier 
frequency used) it is usually found that the meter will not follow. 
Under these conditions it is necessary to use an oscilloscope. The 
cathode-ray type is most practical because it will withstand rough 
treatment in the field and lends itself readily for use with other 
amplifier units, as well as to a wide variety of recording methods. 
For recording, the oscilloscope is used with no time axis, as this 
time axis is provided by the moving film. In the use of this type 
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of recording, the bridge circuit is set in the same manner as de- 
scribed for the meter so that tension may be differentiated from 
compression strains. The unbalanced bridge voltage due to the 
zero setting will cause the cathode-ray spot to sweep up and down 
in a vertical line at carrier frequency. Therefore, if a film re- 
cording is made at zero stress, the result is received on the film 
as a sine curve of constant amplitude, as shown at the left in Fig. 
6. A tension strain in the measuring gage causes a greater un- 
balanced voltage and will increase the amplitude of the sweep; 
a compression strain in the measuring gage causes a smaller un- 


| 

>? 

‘ 

9 4 
Fic. AmPLITUDE-MopULATED STRAIN EQuipMENT 
* 

2 

: 
at 

> 


(Time axis: 


ELASTIC IMPACT -2 BARS— 
EQUAL LENGTHS —FREE ENDS 


MEASURED IMPACT STRESSES THEORETICAL 
IMPACT STRESSES 
ST. VENANT- 
GAGE HERTZ THEORY 


GAGE NO.2 


GAGE NO.3 


No.4) 


Fic. 11 Impacr STRESSEs; 
(Time axis: 


EquaL Bar PENDULUMS 


horizontal. Stress axis: 


vertical.) 


(b) 
Dynamic Strains From HAMMER-TESTING OF WELDS 


Fic. 12 


horizontal. Stress axis: vertical. a, compression; 6, tension.) 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1943 


balanced voltage and will increase the amplitude of the sweep; 
a compression strain in the measuring gage causes a smaller un- 
balanced voltage and will decrease the amplitude of the sweep. 
To illustrate this action Fig. 6 shows the stress variation when the 
‘calibrating beam, Fig. 7, is struck with the hand. 

It is desirable in an instrument used in strain measurements 
to have the instrument cover a broad range of stress values with- 
out loss of sensitivity when the stress value is small. A simple 
way to meet this demand is to provide means for varying the 
amplification of the amplifier used. This is done by decade 
switches so that accurate repetition may be accomplished. In 
the authors’ instrument, the least reading of the meter can range 
from 150 psi to 3000 psi, depending upon the setting of the switch. 
This makes it possible to have the range of stress variation cor- 
respond to full or nearly full seale. 

In most stress problems, it is desirable that the stress be meas- 
ured at more than one point. For this purpose it is possible to 
mount a standard gage in aswitch box close to the place of meas- 
urement so that a variety of measuring gages may be switched 
into the circuit one at a time as desired. It is necessary to have 
the standard gage adjacent to the measuring gage so that no large 
differences in temperature are likely to prevail and also to reduce 
the effect of distributive capacity of the cables. If this scheme is 
used it is only necessary to use one cable from the point of meas- 
urement to the recording equipment and this cable may be several 
hundred feet long. Such a device has been used in research work 
on several large ore-unloading bridges. 

Due to the small changes in resistance resulting from stress 
changes, the contact resistance of any switch must be negligible 
in comparison with the resistance change in the measuring gage. 
One solution to this problem is to use a multideck switch of at 
least three sections and wire the contacts in parallel. The change 

in resistance for several gages for a given stress is quite uniform; 
in fact we have found that it is only necessary to calibrate our 
amplifier for one gage in a given group. The method of calibra- 
tion used is to subject a steel strip with gage attached to pure 
bending. The calibration bar with a variety of gages attached 
is shown in Fig. 7. Fig. 8 shows this amplitude-modulated sys- 
tem including gage switch box and oscilloscope. Fig. 9 shows the 
result of a stress measurement made on a punch press while oper- 
ating. Fig. 10 shows the result of a stress measurement made 
where the stress variation is of rather low frequency. 


Srress MEASUREMENTS, POTENTIOMETER CIRCUIT 


This method of interpreting the electrical change induced in 
the measuring head by the strain is applicable when high-fre- 
quency strains are to be recorded. In this type of instrumenta- 
tion, the gage circuit is a simple potentiometer prior to the period 
of measurement. This circuit may be used for static as well as 
dynamic measurements if the output is applied to a direct-cur- 
rent amplifier. On the other hand, if the output is applied to an 
alternating-current amplifier, it is limited in its use to the meas- 
urement of dynamic strains. As previously pointed out, the cir- 
cuit is usually used with an alternating-current amplifier. This 
is done because the direct-current amplifier has poor stability 
over long periods of time, and frequent calibrations are essential. 
Also this drift of the direct-current amplifier makes it impractical 
for use with static measurements. In some laboratory problems 
where the shape of the wave is of interest, particularly in low- 
frequency-vibration work in which the phase shift of an alter- 
nating-current amplifier would destroy the accuracy of measure- 
ments, the direct-current amplifier can be used to advantage. 
Even in the case of longitudinal impact, this effect shows when 
the length of time of the stress is fairly long, say, 0.0005 sec. 
Fig. 11 shows the use of this circuit with alternating-current am- 
plification for longitudinal impact of bars. Such equipment has 
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also been used in connection with vibration pickups of the induc- 
tor type. (Fig. 12 is the strain produced in the vicinity of a 
hammer blow on large tanks.) In a similar manner to that 
which is employed in the amplitude-modulated circuit, the 
range of the instrument may be made to fit the stress to be 
measured. 

When this circuit is used with the alternating-current ampli- 
fier, the problem of calibration is more complicated because dy- 
namics methods must be used. A simple way to perform the 
calibration is to use an electrically driven tuning fork at a fre- 
quency within the limits of both the amplitude-modulated and 
potentiometer equipment. It is thus possible to evaluate the 
tuning-fork stress with an instrument which can be calibrated 
with static stresses. The stresses as recorded by the potentiome- 
ter circuit can then be evaluated by comparison. Fig. 13 
shows such a calibrating device. Fig. 14 shows the potentiome- 
ter type of equipment with single-sweep circuit and oscilloscope 
attached for hammer impacts. 


ReEcoRDING EQuIPMENT 


In the measurement of dynamic stress the secondary problem 
is to employ the proper means of recording. This problem varies 
from measurement to measurement, and it is convenient to em- 
ploy a variety of recorders for the various recordings. 

For low-frequency recording, the mechanical type is often satis- 
factory, except when the instrument may be subjected to severe 
shock. In these cases the cathode-ray type is better. Fig. 10 
shows stress recording made with a cathode-ray oscilloscope on a 
moving vehicle where considerable shock had to be withstood 
during operation. 

For high-speed recording, the cathode-ray oscilloscope is the 
most flexible and can be used with a series of cameras with shield 
tubes to record in a large variety of places including the direct 
sunlight. Fig. 15 shows a variety of cameras used including two 
motor-driven cameras, one of drum type and the other of sprocket 
type, as well as a stationary camera with f 0.95 lens for extreme 
speed. The stationary camera is used with single-sweep equip- 
ment, the circuit line for which is shown in Fig. 16 and the unit 
itself at the right in Fig. 14. This method amounts to electrical 
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triggering of the sweep by the impulse which is produced by 
contact or by the wave unit itself before it reaches the gage. 


CONCLUSIONS 


The stress state caused by dynamic-load application has be- 
come of first importance especially in aircraft design. More and 
more attention is being directed to the use of such equipment in 
the deterniination of the stress state in high-speed stress transi- 
ents. The limitations of electrical strain determinations lies not 
in the strain-measuring head but in the electrical circuits and 
amplifiers that are necessary to interpret the electrical changes 
into readable values of strain. In the selection of the circuit to 
use with electrical strain equipment it is necessary to have some 
knowledge of the phenomena to be measured. If the measure- 
ments are of a static nature or low frequency the stability of the 
electrical circuit as effected by temperature changes in the cir- 
cuit and stray capacity must be controlled. It is quite difficult 
to obtain an amplifier which will have a flat response over a wide 
range of frequencies. In general, a type of application that is to 
cover a range of low frequencies is not too well adapted to an ap- 
plication that is to cover a high range of frequencies. It is often 
desirable to design a given piece of equipment for a given pur- 
pose, so that the best type of measurement will be possible. In 
like manner the method of recording must be made to fit the 
phenomena that is to be recorded. 

It has been the authors’ experience that measurements of 
dynamic strain can be accomplished in a great variety of places 
by the use of the equipment described. The complexity of the 
measurements requires the combined efforts of both the fields of 
electronics and mechanics. The equipment described has been 
used in various fields of research where dynamic strains are of 
importance. Nearly every measurement requires some slight 
variation in technique and equipment. It is probably true that 
more experience and research will allow new measurements in the 
field of stress analysis in other directions, but the contribution 
of the electrical strain gage to the field of stress analysis is far- 
reaching. It is the authors’ hope that the material herein con- 
tained may be helpful to those who are interested in making like 
measurements. 
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A Photoelastic Study of Bolt and Nut 


Fastenings 


By M. HETENYI,' EAST PITTSBURGH, PA. 


Six different nut designs have been investigated by the 
three-dimensional “‘stress freezing’’ photoelastic method, 
obtaining the maximum stress values at the bottom of 
the threads for each design. It has been found that by 
the application of either a tapered-thread nut or a nut 
with a tapered lip the strength of the fastening can be 
increased by more than 30 per cent. This improvement 
in strength can be expected only in cases where the type 
of loading or conditions of application are conducive to 
brittle failure, i.e., dynamic loads or static loads at ele- 
vated temperatures. 


N THE past, several investigators (1, 2, 3)? have attempted 
to analyze the stress distribution in threaded connections by 
means of two-dimensional plane photoelastic models. The 

results derived from such tests were, however, inconclusive in 
general and sometimes even in direct contradiction with obser- 
vations obtained from fracture of actual bolt and nut fastenings. 
The failure of the two-dimensional tests in giving the correct solu- 
tion can be traced back partly to experimental difficulties in pre- 
paring accurate models, but mainly to the fact that the system 
of stress occurring in an actual fastening cannot be truly repre- 
sented by two-dimensional models. 

There are several types of deformation in an actual bolt and nut 
connection which have about equal influence on the final distribu- 
tion of stress; some of these deformations are three-dimensional 
in character, and their neglect would lead to erroneous conclu- 
sions. The long-known experimental fact that the highest stress 
occurs in the first thread groove at the bottom of the nut can be 
understood on the basis of the simple axial deformation of the bolt 
and the nut respectively, the strain in the bolt being principally 
tension and that in the nut compression. Even if the threads of 
the bolt and the nut match with perfect evenness in the unloaded 
condition, as soon as load is applied the bolt stretches while the 
nut is compressed so that even contact along the threads will not 
be possible and the load will be transmitted chiefly at one point 
of contact which will be at the seat of the nut. This extreme con- 
centration of load derived from the considerations of the axial 
strains alone will be substantially lessened, however, as the bend- 
ing deformation of the threads is taken into account. It has been 
shown by Den Hartog (4) and also by Jaquet (5) that the bend- 
ing deformation of the threads is of the same order of magnitude 
as the difference in the axial deformation of the bolt and the nut 
and permits the participation of the upper threads in the carry- 
ing of the load though the main concentration of load will still 
remain at the bottom threads. 
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The foregoing two types of deformation are, however, not the 
only ones which determine the final stress distribution in the 
threaded connection. From strain measurements on conventional 
nut and bolt fastenings Goodier (6) has found that the circumfer- 
ential stretching, the “ring elasticity,’”’ and the bending of the 
wall of the nut have the same order of magnitude of effect on 
the final distribution of the load as the aforementioned axial 
strain and bending of the threads. It is easily seen that while the 
axial deformation of the bolt and nut and the flexibility of the 
thread could still be represented somehow in a two-dimensional 
model, there is no reliable way to bring into effect the latter two 
types of deformation which give the problem an essentially 
three-dimensional character. It is easily seen that these three- 
dimensional factors will have particularly pronounced effect on 
the final stress distribution if the shape of the nut is different 
from the conventional ones, like those investigated in this paper. 
True solution in such cases can therefore be obtained only by 
three-dimensional photoelastic analysis, which is, as a matter of 
fact, the only known experimental method by which problems of 
this type can be investigated. 

The object of the present investigation was to find ways of im- 
proving stress distribution in bolt and nut fastenings by means of 
changes in the design of the nut. For this purpose four bolt mod- 
els, with nuts at both ends of each bolt, were machined out of 
photoelastic Bakelite (BT-61-893) and were tested by the three- 
dimensional ‘‘stress-freezing’”’? method (7). Since the maximum 
thickness of available photoelastic Bakelite is only 1'/s in., the 
size of the bolts was limited to 1 in. diameter. The dimensions of 
the four bolt models with the nuts are shown in Fig. 1. Of the 
eight nuts on these bolts, six were different in design and these 
were: 1, Conventional nut; 2, nut with outer support; 3, nut 
with spherical washer; 4, nut with double thread; 5, nut with 
tapered thread; and 6, nut with tapered lip. The remaining two 
nuts were again of the conventional type so as to afford a check 
and basis for comparison. In each case standard Whitworth 
thread was used in the models since its larger fillet radius could 
be more accurately reproduced in all the test pieces and since it 
permitted a more precise observation of the maximum fillet-stress 
values. 


DESCRIPTION OF THE TEST PROCEDURE 


In the test the models were suspended and loaded in the man- 
ner shown in Fig. 2, thus assuring the concentric application of 
the load and the elimination of any bending action. The total 
load on each of the models was 31.5 lb. In this loaded condition 
the models were annealed, raising the temperature in about three 
hours to 120 C, keeping it there for an hour, and then returning 
to room temperature slowly which took again 6 to 8hr. By this 
process the elastic stresses and deformations produced at the 
elevated temperature became permanent, giving thus a solidified 
“frozen” pattern of the elastic stress distribution throughout the 
whole model. 

The deformations observed in these tests have been of a rather 
moderate value though many times larger than those which occur 
in standard room-temperature tests. The larger deformations in 
this instance were even helpful in a way since they tended to 
cancel the initial inaccuracies in the matching of the threads 


A-93 


, 


A-94 


NUT WITH 
OUTER SUPPORT 


NUT WITH 
SPHERICAL WASHER 


CONVENTIONAL NUT 
Fie. 1 


15 
CONVENTIONAL NUT 


JOURNAL OF APPLIED MECHANICS 


NUT WITH DOUBLE THREAD 


PHOTOELASTIC MODELS OF BOLT AND Nut FASTENINGS 


JUNE, 1943 


NUT WITH 
TAPERED LIP 


DIA. 


NUT WITH 
TAPERED THREAD 
15 DIA. 


—=— iS DIA. 


CONVENTIONAL NUT 


(Thread: standard Whitworth 8 per inch.) 


and thus assured a uniformity of results which is obvious from 
the pictures. The deformations set up in the threads, however, 
prevented in most cases the unscrewing of the nuts after test, and 
thus the round plates of the loading fixture in Fig. 2 had to be 
sawed off in order to remove them from the body of the bolts. 

The next step in the test was to take a photoelastic picture of 
the ‘frozen’? round bolt model. In order to be able to do this 
and to avoid any refraction of light due to the curved boundary of 
the models, they were immersed in a liquid bath (Halowax 
RD11-1) having substantially the same index of refraction as the 
photoelastic Bakelite (n = 1.573). The pictures obtained of 
these round models are shown in Fig. 3. These pictures, on ac- 
count of the variable thickness and the rotational symmetry 
of stress field in the bolts, give only a qualitative picture of the 
stress distribution. It is apparent, however, even from these pic- 
tures, that there is a high concentration of stress at the bottom 
thread in all conventional nut specimens, and that the tapered- 
lip and tapered-thread designs provide a more even distribution 
of load in the threads than any of the other designs. 

The only quantitative result obtained from these pictures of 
round bolts was the calibration value of the average stress in 
fringe numbers, which was needed for the case when thin slices 
were cut out of the center of the round models for a quantitative 
analysis. This calibration fringe value was obtained in the fol- 
lowing manner: In the unthreaded parts of the round bolts in 
Fig. 3 the numbering of the fringes must begin at the edge 
which, on account of its zero thickness, will also represent the zero 
fringe order. Proceeding from the edge toward the center of the 
bolt we find there, at the place of the maximum thickness, that 
the uniform tensile stress in the center part of the bolt is equiva- 
lent to a fringe of the order number of 13. Since the 1-inch 
diameter of the bolts was reduced, owing to lateral contraction, 


to a value of 0.986 in., we find that a 0.10-in-thick slice cut out 
of the frozen bolt model will have an average fringe order of 


13.0 
0.10 ——- = 1.318. Asama ter of fact, the thickness of the slices 
0.986 


varied between 0.154 and 0.167 in., and accordingly the average 
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fringe values obtained for the center portion of these slices were 
as follows: 


Ave. fringe 
order 


Thickness of 
slice, in. 
0.154 
0.167 
0.160 
0.160 


Specimen 


No. 1 outer support 
No. 2 spherical washer 
No. 3 tapered thread 
No. 4 tapered lip 


The slices were cut out of the round samples on a milling ma- 
chine with a horizontal arbor. The plane of the slices was chosen 
in such a way as to coincide with the middle plane of the original 
Bakelite blocks from which the round models were taken out, 
since the middle plane of the material was found to be the most 
free of initial stresses. Thus the plane of the slices had no par- 
ticular relation with respect to threading of the bolts. 

In order to hold the specimen securely during the cutting opera- 
tion, a special rigging was devised in which the bolt and each of 
the nuts were clamped independently. The saw blade used in 
the milling machine was 6 in. in diameter, !/1¢ in. thick, and had 
22 teeth. The feed of cutting was */s in. per min and the depth 
of each cut 1/s in., so that the complete cutting time needed for 
one slice was about five hours. Special care has been taken to cool 
the pieces during cutting; for this purpose soda water was found 
most suitable. Possibly owing to defects of the milling machine, 
the surface of the cut slices was not entirely plane and had to be 
evened subsequently by emery paper. The difference between the 
thickness of the individual slices was due to this operation. 

The photoelastic pictures of the slices, taken in the standard 
polariscope, are shown in Fig. 4. The basis for the numbering of 
the stress lines in these pictures was, in every instance, the cali- 
bration fringe value obtained above for the center portion of each 
bolt. After having taken these pictures, the standard polariscope 
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was rearranged to form one of the reflection type where the polar- 
ized light being reflected by a mirror through the sample traverses 
its thickness twice, thus doubling the number of stress lines in the 
pictures and increasing thereby the accuracy of stress determina- 
tion. The pictures of the slices obtained by the reflection polari- 
scope are shown in Fig. 5. The fringes in these pictures were 
numbered according to the same system used previously in Fig. 
4. The maximum stress values occurring at the bottom of the 
threads were determined in each case by extrapolating graphi- 
cally the fringe values up to the edge of the specimen which could 
be distinguished very well because of the white background 
used in these pictures. 
Test Resucts 

A graphical representation of all stress data derived from the 
photoelastic pictures of the slices is shown in Fig. 6. In each 
specimen the maximum stress value observed at the bottom of 
the threads was referred to the Average stress in the full body of 
the bolt, defining thus for each thread a concentration factor 
value k. Fig. 6 shows how these & values vary on the right and 
left side of the slice in each particular nut design. The maximum 
concentration of stress was found in the conventional nut type 
(k = 3.85) above the thread nearest to the bottom of the nut. 
However, when the position of the nut was such that the first 
thread in the section of the slice was only half engaged and pro- 
vided thus a more resilient support, the place of the maximum 
stress usually shifted to the base of the second thread from the 
bottom. The stress distribution in all three conventional nut 
samples was found to be almost identical, though it may be noted 
that the representative data for the conventional nut in Fig. 6 
were taken from the one which is on the lower end of the bolt 
having the nut with the spherical washer at the upper end. 
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It is seen from Fig. 6 that nuts with outer supports, spherical 
washer, or double thread, gave all approximately the same stress- 
distribution curve as the conventional nut type and therefore 
cannot be considered as improvements. The outer supports were 
expected to twist the nut outward, thus transmitting a large 
portion of the load to the upper threads. That some sort of such 
a “‘pinching effect’”’ might have really taken place at the upper part 
of the nut is indicated by the fact that in Fig. 6 in the upper 
part of the diagram for this design somewhat larger k values were 
observed than those obtained for the conventional nut design in 
this region. This tendency, however, was not very effective in 
distributing the load along the threads (though the same prin- 
ciple would work probably better for nuts of shorter heights) and 
the resulting maximum concentration factor (k = 3.75) was only 
a little smaller than that for the conventional nut. 

The application of a spherical washer under the nut was also 
expected to produce a similar stress-relieving spreading action at 
the bottom of the nut; in the test, however, no spreading of any 
appreciable amount seems to have taken place. While the di- 
ameter of a conventional nut after the annealing process in- 
creased from 1.500 in. to 1.506 in., the spreading of the nut with 
spherical washers was not much laseee either and measured only 

1.514. The reason for the lack of spreading was apparently 
that nut and washer stuck together during the annealing process, 
preventing any relative sliding. It has been observed that after 
annealing when the sample was taken out of the oven, it took con- 
siderable force to separate the spherical washer from the nut. 

Regarding the nut with double threads, the results were found 
to be practically the same (kmax = 3.75) as those obtained for the 
conventional nut. Only the last two nut designs, namely, those 
with tapered thread (k = 3.10) and tapered lip (k 3.00) 
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have shown a definite improvement in the stress distribution. 
In the model with tapered threads it has been attempted to re- 
produce the same condition which would exist in a steel threaded 
connection, where the tapering of the nut is 0.003 in. per inch of 
diameter and per inch of length of the nut (these dimensions 
are used in some of the turbine bolts). Since the tapering aims 
to make up for the differential strain in the bolt and the nut, it is 
seen that the ratio of strain to tapering in the Bakelite model will 
have to be the same as that in the actual steel bolts, if we want the 
stress distribution to be of the same type in each case. On the 
basis of such considerations the tapering in the Bakelite model 
was determined by assuming the average stress value in steel 
bolts as os, = 40,000 psi which with the modulus of elasticity of 
steel Ex, = 30 X 10° psi gives a value of strain e, = os:/Eu = 
0.00133. Carrying out the same calculation for the Bakelite 
specimen where the average stress is ¢g = 40 psi and the modulus 
of elasticity of Bakelite at the annealing temperature Ez = 1000 
psi, we have ¢€g op/Eg = 0.0400, which gives an average 
strain ratio between Bakelite and steel specimens of €g/¢ = 30. 
Thus we find that the 0.003 in. per in. tapering in the steel nut 
will be represented by a 30 X 0.003 = 0.090 in. per in. taper in the 
Bakelite model and with such choice of taper the model will give 
approximately the same type of stress distribution as that taking 
place in the steel bolt at an average stress of 40,000 psi. The re- 
sults obtained from a model of such tapered threads are shown in 
the corresponding diagram in Fig. 6. It is seen that compared to 
a conventional nut the maximum stress-concentration value is 
substantially reduced (k = 3.10) though the stress distribution 
could probably be further improved by applying a still larger 
tapering in the nut. 
Substantially the same effect as that of tapering of the threads 
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in the nut can be obtained also by making the pitch of the 
threads in the nut somewhat larger than that for the bolt (differen- 
tial pitch). Since the aforementioned tests were made principally 
in view of application to turbine bolts where because of 
the large number of turns no appreciable difference in pitch 
could be employed, this case has not been investigated. From 
the results which were obtained for tapered threads, however, 
one could easily estimate the effect of a corresponding differential 
pitch. 

The last nut design analyzed was that with a tapered lip which 
gave the greatest reduction of peak stress (k = 3.00) among all the 
six nut designs. Since the fundamental cause of this stress con- 
centration is the differential strain between bolt and nut, one of 
which is in tension and the other in compression, the application 
of a lip which is in tension like the bolt itself is naturally an ef- 
fective way of easing up the transmission of the load from bolt 
to nut. As is shown in Fig. 6, however, in the diagram of maxi- 
mum fillet stresses for this design, the peak stress values could 
probably be somewhat more reduced by applying a greater taper- 
ing of the lip which would decrease the amount of load carried 
by the first few threads and would transmit more of the load to 
the upper part of the bolt. 


(a, Plane model (tension) k = 3.35.) 
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Discussion AND CONCLUSIONS 


It has been found that the maximum fillet stress value occur- 
ring in a conventional nut and bolt fastening can be reduced by 
about 30 per cent through the application of nuts with either 
tapered threads, or with tapered lips. It appears probable that 
by employing larger tapering or longer lips respectively than those 
tested and already referred to, the reduction of stress could be 
increased up to 40 per cent. In this latter case, however, the 
maximum stress in the fastening would already be lowered al- 
most to the notch stress value of the threaded bolt body itself 
which puts a natural limit to the strength of the whole threaded 
connection. Though in the present tests Whitworth threads 


were used in all samples, it is believed that comparative strength 
of the foregoing nut designs would be in about the same ratio also 
for other types of threads. 

While the tapered lip design shows in these tests approximately 
the same strength as the one with tapered threads, each of these 
designs has some characteristic features which should be con- 
sidered in their application. 


The tapering of the threads in the nut aims to compensate for 
the difference in strain between bolt and nut and needs, therefore, 
very accurate machining. Since one definite value for the taper- 


(b, Slice of three-dimensional model (compression) k = 2.70.) 
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ing will correspond to a certain amount of strain, the best results 
with a taper-threaded nut are obtained only at a particular value 
of the load on the bolt, at which the bottom threads are barely 
in contact. Under such circumstances the taper-threaded nut 
gives about the greatest strength obtainable with any fastening. 
As soon as the stretching of the bolt, owing either to loads or to 
creep or relaxation, brings the bottom threads in contact, the nut 
will begin to act as one of the conventional design, transmitting 
an increasing amount of load to the bottom threads. 

The effectiveness of the tapered-lip design, on the other hand, 
will be about the same for any value of the load. The lip is always 
in tension like the bolt itself and will fill the gap between the ten- 
sile and compressive strains of the bolt and the nut respectively. 
In this case the greater the stretching in the body of the bolt, the 
larger portion of the load will be transmitted through the upper 
part of the nut which will be in any case stiffer than the tapered 
lips. The only problem in applying this type of nut seems to be 
in providing for it a proper support under the flanges. This can 
be accomplished by either countersinking the lip part into the 
bolt hole or by supporting the flanges on washers which would 
accommodate the lip part. 

Since the comparative strength of the foregoing nut designs 
have been derived from tests made under purely elastic conditions, 
the applications of the results will also have to be limited to cases 
where somewhat similar conditions prevail. The improved nut 
design, for instance, would hardly increase the strength of bolts 
under static loads at normal temperatures since in such cases 
usually yielding in the threads produces a stress distribution 
radically different from the ones obtained herein. On the other 
hand, whenever the conditions of the loading are such as to 
cause the threaded part to fail without any appreciable deforma- 
tion, the application of the foregoing results seems to be justified. 
At present the two main fields of application appear to be dy- 
namic loads and static loads at elevated temperature (causing 
embrittlement). In both of these cases through the application 
of either of the two improved nut designs mentioned an increase 
of strength of about 30 per cent can be expected. 


Appendix 


Concentrations of stress produced by axial loading and by 
bending of the threads alone have also been investigated by 
plane model tests which will be reported in this Appendix. 

Fig. 7(a) shows details of the stress pattern obtained in « two- 
dimensional scale model of a bolt with Whitworth threads sub- 
jected to a uniform axial tension. Referring the peak-stress 
values to the average stress in the full section of the model a con- 
centration factor of k = 3.35 is obtained. For sake of compari- 
son the detailed stress pattern in a three-dimensional piece under 
similar loading conditions is shown in Fig. 7(6) which was obtained 
from a 0.188-in-thick slice of a 2-in-diameter scale model of a bolt 
with Whitworth threads. Because of the limited size of the ma- 
terial available for the model, uniform tension could not be applied 
and compression was used instead. The concentration factor 
obtained in this case, on the basis of the average stress in the 
full section of the bolt, was k = 2.70. This value is somewhat 
higher than the k factor obtained from the threaded parts of the 
l-in-diameter bolt specimens in the main part of the paper 
where we had an average value of k = 2.3. The difference can 
probably be accounted for by the opposite types of deformations 
in the fillet radii caused by compressive and tensile stresses re- 
spectively. 

The bending action on the threads has been studied separately 
in a plane model test, shown in Fig. 8, where a scale model of a 
2-in-diameter bolt with Whitworth threads has been supported 
on one pair of threads and subjected to an axial load of 100 Ib. 
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The thickness of the model was 0.264 in. for which thickness we 
have one stress fringe equivalent to 322 psi difference in principal 
stress values. The maximum stress value in the fillet ¢max = 
14 X 322 psi = 4500 psi, when referred to the average bending 
stress at the edge of the aforementioned section of the thread 
gives a concentration factor of k = 2.35. The same stress peak, 
on the other hand, when referred to the average tensile stress in 
the full section of the model gives k = 12.80. 
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Comparing this latter value with the one already obtained for 
the case when the loading consisted of simple axial tension alone 
(k = 3.35), we find that the axial loading has a considerable con- 
tribution in building up the maximum fillet-stress values in a 
threaded connection. Hence it is seen that the most favorable 
distribution of stress in the threaded fastening is obtained if the 
bending reaction of the threads is kept small at the bottom of 
the nut where the axial load produces a high concentration of 
stress at the fillets, and the larger thread reactions are shifted 
more toward the top of the nut where the average axial stress in 
the bolt is low. Such distribution of the load, which can be 
approximated by suitable design of either the tapered thread 
or tapered lip nut, will give a constant value of the fillet stresses 
along the bolt and will thus provide the strongest fastening. It 
should be noted that the strongest fastening is not one which dis- 
tributes the load evenly among the threads. 

At the end some plane model tests were also made on U. S. 
Standard threads in order to form an idea about the intensity of 
stress concentration which might be produced in this thread form. 
The threads in a 2-in-wide scale model were cut by a tool which 
had a radius of curvature of approximately 0.005 in. at the 
corners. Fig. 10 shows the stress pattern obtained in the case 
when such a model was subjected to a uniform axial tension. 
Though the average stress in the full body of the piece is very low, 
equivalent to 0.118 fringes, the maximum stress at the corners is 
approximately 1.8 fringes, which gives a concentration factor of 
k = 15.2. 

The stress pattern produced by bending of such a U. 8. Stand- 
ard thread is shown in Fig. 11. Though the peak stress value at 
the corners of the thread could not be directly observed, by way 
of comparison with the foregoing tests on Whitworth threads, one 
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12.80 
3.35 
15.2 = 58.0, the nominal stress value being taken for the full sec- 
tion of the specimen. Since in Fig. 11, because of a total of 60- 
lb load on the 0.266-in-thick and 2 in-wide shank of the model, 
a maximum of only eight fringes could be counted, which would 
give ak = 13.5 value, one may conclude that about 75 per cent 
of the stress peak has fallen within the darkened area of approxi- 
mately !/¢-in. radius, where, on account of the distortion of the 
model and partly because of yielding of the material, the num- 
ber of stress lines could not be ascertained. 


may derive a concentration factor for this case as k = 
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Creep and Relaxation of Oxvgen-Free 


Copper 


By EVAN A. DAVIS,'! EAST PITTSBURGH, PA. 


This paper contains results of creep and relaxation tests 
on an oxygen-free copper at temperatures up to 235 C. 
The effect of the stress and the temperature upon the 
strain rate has been noted and an effort has been made to 
correlate the results of the two different types of tests by 
using various theories of plastic deformation. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


ao = stress, psi 
o* = initial stress in relaxation test, psi 
e = total strain, elastic + plastic, in. per in. 
«’ = elastic strain 
«" = plastic strain 
eo” = intercept on the strain axis of asymptote to 
creep curve 


de 
"a total strain rate, in. per in, per hr 
de’ ldo 
ui = —-—— = elastic strain rate 
dt Ed 
de” 
u” = — = plastic strain rate 
dt 
uo” = minimum creep rate 


oo, &” = constants in hyperbolic-sine speed law 
= absolute temperature 
t = time, hr 


INTRODUCTION 


The slow deformation or ‘“creep’’ of a metallic substance under 
the influence of applied stresses will be better understood when a 
correlation between the results of various types of tests can be 
shown. Such a correlation will require a knowledge of the in- 
fluence of the several factors which control the plastic properties 
of the material in question. If these factors could be properly 
analyzed it should be possible to use the results of one type of 
test to predict the results of a different test. For example, it 
should be possible to use the results of long-time constant-load 
creep tests to predict the shape of the relaxation curve obtained 
from a constant-deformation relaxation test. Some of these 
factors which may be mentioned, without making a detailed 
explanation of each, are strain hardening, influence of the speed 
of deformation, age hardening, annealing, recovery, ete., but 
there may be others not so well known which may still influence 
the results, 


' Research Engineer, Westinghouse Electric & Manufacturing 
Company. 
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The plan of the present investigation was to run several creep 
and relaxation tests at various temperatures on 4/).-in-diam 
specimens of a very good grade of copper and to compare the 
results in an effort to evaluate the effects of the different factors 
involved. Creep tests were run at 30, 80, 130, 165, 200, and 235 C, 
and relaxation tests at 130, 165, and 235 C. 


PREPARATION OF MATERIAL 


Approximately 60 lengths of oxygen-free high-conductivity 
copper, each 4 ft long and 0.2 in. diam, were obtained from the 
Scomet Engineering Company. The rods were packed in a steel 
channel beam and annealed at 500 C for one hour. About one 
hour was required for the heating period, and several hours were 
required for cooling in the furnace. The annealing was done in 
an atmosphere of nitrogen which had been passed over hot 
copper chips and activated alumina to remove the moisture and 
oxygen. The annealed copper appeared fairly clean and had an 
average Vickers hardness of 49. 

Each bar was prestretched 8 per cent before it was tested. The 
prestretching was all done at the same rate of strain. The true 
stress at 8 per cent strain at room temperature was about 23,500 
psi. All stresses used in the tests were well below this amount in 
order not to produce large strains at the beginning of the tests. 


Test EQUIPMENT 


The relaxation tests were run in a machine which automatically 
keeps the total deformation of the specimen constant. This 
machine has been described by Boyd in a previous publication.? 

The creep tests were run in machines specially built to test 
wires of approximately */\.in. diam. The length of the furnaces 
was approximately 33 in., which permitted a gage length of 20 in. 
The strain was measured by dial gages located below the furnaces 
and connected to the gage points by means of copper comparison 
rods, 


Test Resuttrs 


Typical of the elevated-temperature creep curves are those for 
165 and 235 C, shown in Figs. | and 2. At 235 C, the creep curves 
tend to become straight after about 400 hours. At 165 C they 
do not become straight until after about 1200 hours while in the 
tests at 30 C, they had not yet reached a constant slope at the end 
of 3500 hours. The tests at 235 C were interrupted after about 
1300 hours and the stresses were reduced to 850 psi. The speci- 
mens were allowed to remain at this stress for approximately 200 
hours. The stresses were then raised to their original values. 
The elastic deformations are shown by the heavy vertical lines 
which mark the beginning and end of this period. The negative 
plastic strain or shortening of the specimen during this period 
when the stress was reduced is what is meant by recovery. 

These few recovery tests are probably insufficient for the formu- 
lation of any general conclusions concerning this important phe- 
nomenon, but it will be noticed that the amount of recovery ob- 
served in 200 hours is of the same order of magnitude as the 


“The Relaxation of Copper at Normal and Elevated Tempera- 
tures,”’ by John Boyd, Proceedings of the American Society for Test- 
ing Materials, vol. 37, part 2, 1937, pp. 218-234. 
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change in the elastic strain preceding the test. This is in agree- 
ment with the data of other observers.’ 

The minimum creep rates for all the tests, except those at 30 C, 
are plotted against the stress in a semilog plot in Fig. 3. Straight 
lines were drawn to fit the test data as well as possible. These 
lines can be expressed as 


where u,” is the intercept at c = 0 and apo is a measure of the 
slope of the line, i.e., oo is the value of the stress when uo” = eu”. 
The values of oo so obtained were plotted as a function of the 
temperature, and the results fell very nearly on a straight line. 
The slopes of the straight lines, plotted in Fig. 3, have been drawn 
so that 


At present this is just an empirical relation covering the range of 
temperatures used in these tests. Whether or not some theoretical 
reasoning can be used to substantiate the results remains to be 
settled in the future. 

The intercept wu,” at ¢ = 0 has no physical meaning in itself, 


3 “‘The Creep Recovery of a 0.17 Per Cent Carbon Steel,”’ by A. E. 
Johnson, Proceedings of The Institution of Mechanical Engineers, 
vol. 145, 1941, pp. 210-220. 
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in so far as the logarithmic speed law is concerned, for the strain 
rate should be zero when the stress is zero. But if the hyperbolic- 
sine speed law is assumed, then the hyperbolic sine curve which 
approaches the logarithmic curve for large values of the stress is 
given by 


Uo” = 2u;” sinh [3] 

and the meaningless u,” becomes one of the constants of the 
speed law. The curved lines in Fig. 3 are hyperbolic sine curves 
representing Equation [3]. These curves fit the test points fairly 
well, but there is a tendency for the hyperbolic sine curves to 
deviate from the straight lines at stresses higher than the test 
points would indicate. The one exception to this is the 2500-psi 
test at 235 C. 

The data from all the creep tests are given in Tables 1 and 2. 
The values of the minimum creep rate uo” and the intercept of 
the asymptote ¢o” are given in Table 1, while the constants oo 
and uw," from Fig. 3 and the elastic modulus EF are given in 
Table 2. 
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TABLE 1 STRESS-DEPENDENT CONSTANTS 
Minimum 
creep 


rate, in. 
per in. per Intercept, 
hr in. per in. 
deg C i ©” 
30 


80 


16000 
13000 
10000 
5000 
10000 
8000 
6000 
4000 
6370 
4500 
2500 
7000 
5500 
4000 
2500 


<7 XXXXXKKXXX:! 


| 


TABLE 2 TEMPERATURE-DEPENDENT CONSTANTS 
ui” 
in, per in. v0 E 
per hr psi psi 
15400000 
15000000 
14800000 
14100000 
14000000 
13900000 


ure, 
deg C 


5 X 10-9 

x 107° 
3.05 X 1078 
.16 X 107 
2.43 X 1077 


5450 
4650 
4150 
3550 


3000 


The effect of temperature upon the creep characteristics of 
copper can be determined from these tests. The relation between 
the constant oo and the temperature has already been stated. 
The values of u,” taken from Fig. 3 are plotted against the re- 
ciprocal of the absolute temperature in Fig. 4. Some theoretical 
work by Kauzmann‘ indicates that the curve for u,;” should be 
expressed by the following equation 


This would be a straight line with negative slope in the logarith- 
mic plot in Fig. 4. It appears that in the range from 130 to 235 C 
the test points agree well with this relation but at the lower tem- 
perature of 80 C the curve deviates from the straight line. 

The results of the relaxation tests at 165 C are shown by the 
solid lines in Fig. 5 while those at 235 C are shown in Fig. 6. 
The curves in each case are quite smooth and entirely in line with 
previous tests on similar materials. The results for the tests at 
130 C are not shown but they compare favorably with the results 
at the other two temperatures. The dashed lines are theoretical 
curves which will be explained in the next section. 


THEORETICAL COMPARISON OF CREEP AND RELAXATION TEST 
Data 


Any attempt to correlate the results of creep and relaxation 
tests will essentially involve some fundamental law governing 
plastie deformations. One such law which has appeared in the 
literature®:® on this subject assumes that the strain rate is some 
function of the stress 


‘Flow of Solid Metals From the Standpoint of the Chemical- 
Rate Theory,’’ by W. Kauzmann, Technical Publication No. 1301, 
Metals Technology, June, 1941; also, Trans. A.I.M.E., vol. 143, 1941, 
pp. 57-83. 

§ “Theory of Creep Under the Action of Combined Stresses With 
Applications to High-Temperature Machinery,” by F. K. G. Odquist, 
Proceedings of The Royal Swedish Institute for Engineering Re- 
search, No. 141, 1936. 

*“‘The Creep of Metals Under Various Stress Conditions,” by A. 
Nadai, von Karman Anniversary Volume, California Institute of 
Technology, 1941, pp. 237-257. 
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With this type of law the creep curves should be straight lines 
and, if the plastic strain e” is zero at t = 0, then the straight 
lines pass through the origin. In actual creep tests as shown in 
Figs. 1 and 2 the curves tend to become straight lines so that 
for the minimum creep rate, the expression 


is true. If Equations [3] and [6] are assumed as the governing 
law and if they are applied to the conditions of a relaxation test, 
where the increase in the plastic strain is just equal to the de- 
crease in the elastic strain then the expression becomes 


da 


” 
= 2u,” sinh 
dt Fo 


When this is integrated the relaxation curve is given by 


o 
tanh 
do do 


{ = ——— 
2Eu,” 


In 


tanh — 


This is the same equation as used by Nadai.* This equation and 
the constants from Table 2 were used to obtain the dashed curves 
marked Equation [8] in Figs. 5 and 6. These dashed 
curves then show how the material should relax if the speed law 
were given by Equation [3] and the strengthening, due to strain 
hardening, had been fully accomplished before the test started. 
The parameter in these curves is the initial stress ¢* and the whole 
family of curves would be obtained by assigning different values 
to the initial stress. 

At the first part of the test, the actual relaxation curve falls 
below the theoretical curve of Equation [8]. This is due to the 
fact that the initial rate in a creep curve is much greater than the 
minimum creep rate uo”. The bar has not yet received the full 
benefit of strain hardening. At the first instant at the beginning 
of a relaxation test with an initial stress o* the strain rate will 
be the same as it would be at the start of a creep test with a 
constant stress equal to ¢*. It should be expected then that the 
stress would decrease much faster than predicted by the theory at 
the beginning of the test and that the rate of decrease of stress 
should approach that prescribed by the theory as the test pro- 
gresses. In fact, if the effects of stress and strain hardening alone 
on the creep rate are considered, the stress should never drop at a 
rate less than that given by Equation [8]. In Figs. 5 and 6, the 
experimental curves should cross downward over the theoretical 
curves, but they should not be expected to cross back over any 
of this family of theoretical curves. If they do this then some 
mechanism must be found which makes the material flow more 
slowly than the minimum creep rate, as determined by the creep 
tests. In the test at 130 C the experimental curves did not cross 
back over the theoretical curves within the duration of the test. 
If they were extrapolated, however, they appeared as though they 
would recross even the theoretical curves for the same initial 
stresses at about 6000 to 10,000 hours. The same is true for the 
tests at 165 C in Fig. 5, but in the tests at 235 C as can be seen in 
Fig. 6 the curves actually recross. As far as the author knows 
the only factor which could cause this extra slowing down of the 
relaxation process is that known as recovery. In Fig. 2, it can be 
seen that when the stress is reduced at the end of a creep test 
the bar recovers part of its plastic strain. In a relaxation test the 
stress reduction is gradual, but there is no reason to believe that 
there should be no recovery as a result of this reduction in stress. 
This adds to the complexity of the relaxation test and greatly 
decreases the possibility of treating it mathematically. 


12000 

12000 10-4 Uo (6] 
7700 10-8 

4000 

x 1077 1074 

x 10-8 10-4 

10-8 10-4 

165 x 1077 1074 a 
x 1077 10-4 
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1078 1074 
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A FUNDAMENTAL THEORY OF SMALL PLastic 


DEFORMATIONS 


CONCERNING 


It may be well to state at the beginning of this section that no 
fundamental theory for the plastic behavior of metals will be 
developed herein. Such a theory would require an understanding 
of certain phenomena concerning which very little or no test data 
exist. The recovery of a metal after stress has been released is 
such a phenomenon and will serve as an example. Not much is 
known about the cause of recovery or of what factors influence it. 
Until more experimental information is available, very little can 
be said about the part that recovery plays in the fundamental 
theory of the plastic behavior of metals. What will be shown in 
this section are some of the approaches that have been made to a 
better understanding of the subject and some of the difficulties 
which must be overcome. 

In the previous section it was shown that a simple relation 
between stress and creep rate as given in Equation [5] is not 
enough, for in the constant-stress creep test the rate varies with 
the strain during the first part of the test and in the relaxation 
test the theoretical curves will not fit the test data if the minimum 
creep rate is used as a basis for comparison. 

Some years ago the author and Mr. J. Boyd’ tried to correlate 
the results of creep and relaxation tests on commercial copper at 
room temperature by taking into account the effect of strain 
hardening. The creep curves in this investigation appeared as 
straight lines on double log paper for tests lasting about a year. 
To account for this fact, the fundamental law was assumed as 


When this theory is used, the strain in a constant-stress creep 
test is given by 
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and the relaxation curves may be expressed as 
_ym/n 
) 


This can be integrated if the exponents are whole numbers. 

The creep curves are shown in Fig. 7. The dashed lines repre- 
sent the law given in Equation [9], with the following values of 
the constants: m = 0.71, n = 0.15, and K = 9.3 X 107 when 
the strain rate is measured in inches per inch per hour. In order 
to integrate Equation [11] for the relaxation curve, the value of 7 
must be arbitrarily changed to 0.143. The integral then takes the 


form 
12 
{12} 


xr = ao), a = lrandb = — 
o* 


where 


The results of the relaxation tests and the theoretical curves 
from Equation [11] are shown in Fig. 8. In both Fig. 7 and Fig. 
8, the curves show good agreement with the test data. This 
theory which is applicable for copper at room temperature, 
where the strains and strain rates are small, cannot be used for 
metals at higher temperatures where a minimum creep rate is 
observed. It also has the weakness in that it predicts an infinite 
strain rate at the beginning of a creep test. 

Equation [9] might be written in a more general form as 


and expressions other than power functions might be introduced 
which would lead to a minimum rate for the creep tests, but in 
most if not all such cases the plastic intercept ¢9” and the mini- 
mum creep rate up” cannot be treated as independent functions 


of the stress. Experimental test data show that either may be 
expressed as some function of the stress, but that they are rarely, 
if ever, given by the same function of the stress. 

Some investigators®:® have suggested that the strain rate or the 
strain in a creep test be expressed as a function of the stress and 
the time. This is equivalent to neglecting or modifying the effect 
of strain hardening. Such a theory might be expressed as 


u” = 2u,” sinh E (at + »| {14] 


This expression stipulates that, in a creep test, the strain rate is 
large at the beginning and approaches a constant minimum rate 


which is related to the stress, according to Equation [3]. The 
creep curve will be given by 
Uo” sinh (at + 8) 
e” = —In| ] [15] 
a sinh 


Equation [15] has been fitted to the creep curves in Fig. 1, using 
average values for the constants a = 1.12 X 10~* and 8 = 0.035, 
and reading the values of uo” from Fig. 3. The curves fit for the 
two intermediate stresses but do not fit so well at the highest and 
the lowest stresses. Here again, the intercept and the minimum 
rate are not independent of each other if a and 8 are constants. 
Equation [14] can be integrated for the case of relaxation where 
ldo 

E dt 
This equation has also been plotted in Fig. 5. The agreement is 


u” = The relaxation curve is given by Equation [16| 


8 ‘‘Relaxation of Metals at High Temperatures,”’ by W. E. Trump- 
ler, Jr., Journal of Applied Physics, vol. 12, 1941, pp. 248-253. 

* ‘The Interpretation of Creep Tests for Machine Design,” by C. R. 
Soderberg, Trans. A.S.M.E., vol. 58, 1936, pp. 733-743. 
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o ( a* ) | sinh 
tanh = | tanh - —— | [16] 
200 |_sinh (at + 8) 
better than for Equation [8] but it is clear from a study of Figs. 1 
and 5 that expressions involving a function of stress, multiplied 
by a function of time, will not fit the family of creep curves or 
predict the shape of the relaxation curves for copper at 165 C. 
A theory which more nearly fits the behavior of metals at high 
temperatures may be built up by assuming that the plastic strain 
is made up of two components. One component, which will be 
called the strain-hardening component e,”, reaches an equilibrium 
value under a constant stress. This equilibrium value is the 
plastic intercept ¢o” of the creep curve. The other component 
which will be called the viscosity component ¢,” proceeds at a 
constant rate equal to the minimum creep rate Uo” under a con- 
stant stress. The total plastic strain then will be the sum of the 
two components. If the component ¢,” in a creep curve is as- 
sumed to approach the equilibrium value at a rate proportional 
to the distance yet to be traveled, a familiar expression for the 


creep curve is obtained. The strain rate for this component is 


= de,” Gl {17} 
dt 
and the strain of this component is 


Since the strain rate of the other component is constant de,”/dt = 
uo” the strain ise,” = uo"! and the total plastic strain is 


=e," +6,” = 


Equation [19] is the expression used by McVetty!® several 
years ago to describe the shape of creep curves. The constants 
eo” and uo” are now independent functions of the stress. If at 
any time during a creep test the stress is lowered to a point where 
eo” (which is a function of stress) becomes less than e,”, the strain 
rate of this component u,” will become negative while u,” will 
be reduced. If enough stress is removed the total strain rate may 
become negative which means that recovery is taking place. 

While this theory is interesting in that it predicts recovery, it 
probably does not predict the right amount. If a creep test were 
run until the minimum creep rate were reached and then com- 
pletely unloaded the theory predicts that the specimen should 
contract an amount equal to eo”. This is considerably more than 
would be inferred from Fig. 2. This theory, while easily applied 
to a creep test, leads to expressions which cannot easily be 
integrated when applied to the relaxation test. In the relaxation 
test, the elastic strain plus the two plastic-strain components 
must add up to a constant strain equal to the initial elastic strain 

and the sum of the three strain rates must be zero 
de’ de,” de,” 
dt dt dt 
In «a relaxation test the expressions €9” and uo” are not con- 
stants, since they depend upon the stress, but it can be assumed 
that a power-function relationship exists between them in such a 
manner that 
= Do™ and = Fo"............ 


The strain-rate components will be 


10 **Working Stresses for High-Temperature Service,’ by P. G. 
MeVetty, Mechanical Engineering, vol. 56, 1934, pp. 149-154. 
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dt o 
de,” 
— = k(e9” €,) =k leo (e* — €,”) [25 
dt 


Equations [23], [24], and [25] are to be substituted in Equation 
[21]. The resulting equation can be expressed in terms of the 
stress if it is first differentiated with respect to the variable ¢. 
For the relaxation test then, the following differential equation is 
obtained 

+ + EkDmo + kj + EkFo” = 0. [26] 
This equation is complicated and nonlinear. It may be reduced 
to a first-order equation in terms of stress and stress rate, since 

d dp do 


If p = — and p — = — are sub- 


the variable ¢ does not appear. 
dt de dt? 


stituted, Equation [26] becomes 


+ + EFno"—' + EkDmo™—! + k = 0.. [27] 
ado 

Equations [26] and [27] give some idea of the complexity of the 
relaxation test. The present theory which seemed quite simple 
when used in connection with the creep test has for the relaxation 
test produced expressions which cannot readily be evaluated. 
This approach to the problem will certainly have to be modified 
to make allowance for the proper amount of recovery and may 
have to be abandoned because of its complexity, but if it could 
be integrated it would give results which would tend to approach 
the actual results in a better manner than the theoretical curves 
shown in Figs. 5 and 6. The stress would drop off rapidly at first 
but would be retarded more after the stress has dropped to that 
point where the accumulated amount of the ¢«,” component is 
greater than the equilibrium value given by ¢” = Do”. 


CONCLUSIONS 


1 At room temperature, the oxygen-free copper does not 
reach a minimum creep rate in 3500 hours. In previous tests on 
commercial copper, a constant rate was not reached in a year. 

2 As the temperature is increased the time required to reach 
the minimum creep rate is decreased. 

3 The hyperbolic-sine relation between the minimum creep 
rate and the stress fits the test data very well. 


4 The constant oo in the relation uw” = 2u,” sinh — appears 
to vary linearly with the temperature. 
5 The constant u,” may be expressed over a small range of 
1 


temperatures as u,” = Ae 7 but this relationship does not hold 
over the range of temperature used in these tests. 

6 The strain rate in the later stages of a relaxation test is 
slower than the minimum creep rate for the corresponding stress. 
This indicates that recovery must be taking place during the test. 

7 No adequate theory exists by which the shape of the re- 
laxation curve can be predicted from data observed in creep tests 
when the temperatures are within the range covered in these 
tests. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 
lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Ap- 
plied Mechanics Division on strength of materials, under 
the guidance of S. Timoshenko. 

A revision of the first standard for mechanics symbols 


was begun in December, 1936, by the reorganized subcom- 
mittee and the present draft was completed in October, 
1938. 

Revisions were made and the October, 1940, draft was 
then presented tothe members of the Sectional Committee 
for vote on approval by letter ballot. Following approval 
by the sponsor organizations, which includes The Ameri- 
can Society of Mechanical Engineers, it was transmitted 
to the American Standards Association for approval as an 
American Standard. This designation was granted in 
January, 1942. 


American Standard Letter Symbols for 
Concepts in Mechanics of Solid Bodies 


Subscript usage not included in table. For example, the symbol 
for stress may be used in the following manner: ¢,, oy, o:, for direc- 
tional notation; 0, o» for steady and variable stress, respectively; 
ou for ultimate strength; o, for endurance limit, etc. 


Acceleration, angular 
Acceleration, gravitational 
Acceleration, linear 


Breadth (width) 

Circular frequency (2zf) 
*Coefficient of friction 
Coefficient of expansion, linear 
Damping coefficient, velocity 
’Deflection of beam, maximum 


Density, mass per unit volume 


Distance, are length 

Eccentricity of application of load 

Efficiency 

Elongation, total 

‘Energy, kinetic 

‘Energy, potential 

Factor of safety 

5Forces or loads, concentrated 

Frequency 

Gyration, radius of 

Height, depth, or thickness....................... 
Inertia, moment of (mass) 

Inertia, polar moment of (area) 

inerua, product moment 


! Also subscript notation, such as 2», Yo. 

2 Use f for coefficient of friction where Poisson’s ratio or absolute 
viscosity is also involved. 

% Also subscript notation, such as ym. 

*Use T and V for elasticity problems (avoids confusion with 
Young’s modulus). 

5 Use F for force in mechanical-engineering problems (P for power). 


Inertia, reetangular moment of (area) 

Load per unit distance 

Load, total 
Modulus of elasticity (Young’s modulus) 

Modulus of elasticity in shear 

Moment of area (statical or first moment) 

Moment of force, including bending moment 
Neutral axis, distance to extreme fiber from 


Phase angle 
Poisson’s ratio 


Revolutions per unit time 
Shearing force in beam section 

Spring constant (load per unit deflection) 

Strain, normal 

Stress, normal 

Stress, shear 

Stress concentration factor 

Temperature, absolute 

‘Temperature, ordinary 

Thickness (same as height) 


Wave length 

Weight 

Weight per unit volume 
Width (same as breadth) 


6 Use #3 for temperature in cases where both time and temperature 
are involved. 
7 Use W; for work where weight is also involved. 
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Correlation of Residual Stresses in 
the Fatigue Strength of Axles' 


T. McLean Jasper.?. The presentation of the idea that 
internal stresses may assist in increasing the endurance limit of 
certain structures is perfectly logical. This, it is believed, 
applies only to bending fatigue specimens or structures which 
have had the outside fibers put into initial compression either 
by quenching or by such a process as shot blasting. The reason, 
it is believed, is that failure never occurs in compression. 

Lessells, in reporting a series of tests before the A.S.T.M. in 
1941, brings out that shot blasting puts the surface so blasted 
in high initial compression. Specimens so blasted which were 
relatively small in diameter showed a very considerable increase 
in endurance limit. Evidently the larger the specimen, the less 
advantage is obtained by initial compression on the outside. 
Probably the shape of the load-stress pattern, which in small 
specimens,has a much more rapid decrease in stress for a given 
depth below the surface, is responsible for this. 

The writer, in measuring locked-up stresses in steel and the 
effect of repeated stressing of such steel on the reduction of such 
stresses, found that high internal stresses, which were essentially 
compression on the surface of the specimens, were very much 
reduced by such repeated stressing. The value of such repeated 
stresses in terms of endurance limit was, it is estimated, between 
1/, and 3/, the natural endurance limit of the steel. This effect 
was obtained on rotating-beam specimens. 

This observation leads the writer to predict the possibility 
that the effect of precompressing the outside surface of a rotating 
bending specimen or structure may be annulled in time. The 
writer would, however, direct the authors’ attention to the 
phenomena disclosed in the “fatigue of metals” investigation® 
at the University of Illinois. This investigation shows that cer- 
tain steels improve their endurance limits by repeated stressing 
and other steels do not. In general, it shows that the high- 


1 By O. J. Horger and H. R. Neifert, published in the June, 1942, 
issue of the JouRNAL oF AppLiED MeEcuanics, Trans. A.S.M.E., vol. 
64, p. A-85. 

2 Engineer, A. O. Smith Corporation, Milwaukee, Wis. 
A.S.M.E. 

3‘*An Investigation of the Fatigue of Metals,’ by H. F. Moore 
and T. M. Jasper, Engineering Experiment Station, University of 
Illinois, Bulletin No. 142, May, 1924, p. 29, Fig. 2. 
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strength steels do not improve and the low-strength steels do 
It was thought that the reason why steel has a definite endurance 
limit and certain other metals may not have such a definite limit 
is explained in part by the implications of this phenomenon. 


Some Dynamic Properties of Rubber' 


B. J. Lazan.? The ever-increasing significance of vibration in 
modern engineering greatly enhances the value of a paper on the 
dynamic mechanical properties of materials, such as that pre- 
sented by Mr. Harris. Unfortunately, most of the previous work 
in this field has been restricted to the study of only the most im- 
portant dynamic property, i.e., the fatigue strength of materials. 
Too little attention has been devoted to the damping capacity 
and dynamic moduli of elasticity, although these properties may 
be of prime importance in many cases. In rubber tires, for ex- 
ample, it is the damping capacity (by virtue of its association 
with the heat development during cyclic stress) that may de- 
termine durability at high speeds. 

It is unfortunate that the exact equations defining the hystere- 
sis-damped vibration apparently have not yet been developed. 
These e~uations, in spite of their probable complexity, would be 
a welcome addition to vibration theory. In view of the absence 
of an adequate solution, the hysteresis-damped vibration may be 
quantitatively handled by (a) the equations defining the viscous- 
damped vibration, or (b) the equations defining the undamped 
vibration and extensions thereof. Mr. Harris has used method 
(a). 

The major assumption made by the author in his derivation 
of the vibration equations is that hysteresis damping, like viscous 
damping, may be represented by a force proportional to the 
velocity. The writer would like to discuss the limitations of this 
assumption. 

Unlike other types of damping, such as viscous or Coulomb, 
no definite force is associated with hysteresis damping. Rather, 


' By C. O. Harris, published in the September, 1942, issue of the 
JOURNAL OF AppLIED Mecuanics, Trans. A.S.M.E., vol. 64, p. 
A-129. 

? Assistant Professor of Engineering Mechanics, The Pennsylvania 
State College, State College, Pa. Jun. A.S.M.E. 

3*‘Some Mechanical Properties of Plastics and Metals Under 
Sustained Vibrations,’’ by B. J. Lazan, Trans. A.S.M.E., vol. 65, 
1943, pp. 87-104. 
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hic. Typrcan Decay CuRVE OF A DaMpED VIBRATION 


the logical concept for hysteresis damping is one of energy ab- 
sorbed per cycle of vibration by virtue of the noncoincidence be- 
tween the upward and downward branch of the load-deflection 
curve. Nevertheless, the use of a damping force D by the author, 
although incorrect theoretically, may be justifiable practically 
because of the similarity in certain special cases between the 
hysteresis-damped vibration and the viscous-damped vibration, 
as discussed in the following paragraphs. 

A common manner of specifying damping-capacity data, se- 
cured by the vibration-decay method employed by Mr. Harris, 
is by the logarithmic decrement 6. In terms of the symbols used 
by the author in Equation (8). 


6 = log. N when n = 1 
or from Fig. 1 
= loge (Xn +1/ Xn) 


The significant differences between the logarithmic decrement 
of the hysteresis-damped decay curve and that of the viscous- 
damped decay curve will now be discussed. 

It has been shown experimentally‘ that the energy dissipated 
per cycle of vibration by hysteresis damping may be expressed by 
a power function of the stress or displacement for many materials. 
Unlike viscous damping it is practically independent of frequency. 
Therefore the damping energy absorbed per cycle equals CX,,” 
where C and m are constants for a given material under given con- 
ditions of operation and_X,, is the amplitude of vibration at any 
instant of time. Referring to the decay curve, Fig. 1 of this dis- 
cussion, the difference between the elastic energy at peak A 
and the elastic energy at peak B of an adjacent wave equals the 
hysteresis energy absorbed per cycle of vibration. 

Thus 


— = CX,” 
where k is the elastic constant for the specimen 
(Xn? — Xn+1?)/Xn? = (C/k)X 
(Xn+1/Xn)? = 1 — 


and 
5 = loge (Xn+1/Xn) = 1/2 loge [1 — (C/k)Xn™~? | 


Thus the logarithmic decrement is independent of displace- 
ment X, only when the exponent m is 2. This is the case in vis- 
cous damping, since the damping force is proportional to the 
velocity, and therefore the damping energy depends upon the 
square of the displacement, as shown by the author in the second 
paragraph under “Hysteresis and Internal Damping.’ Conse- 
quently the only conditions under which the equations defining 


‘*Elastic Hysteresis in Crank-Shaft Steels,’ by S. F. Dorey, 
Proceedings of The Institution of Mechanical Engineers, vol. 123, 
1932, pp. 479-510. 

‘Practical Solutions of Torsional Vibration Problems,’ by W. K. 
Wilson, John Wiley & Sons, Inc., New York, N. Y., 1935. 
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the viscous-damped vibration may be applied to hysteresis damp- 
ing is when hysteresis-damping exponent m is 2, and when the 
frequency of vibration is constant. Both of these conditions were 
evidently satisfied in the tests reported; the vibration decay oc- 
curred at essentially constant frequency and exponent m for rub- 
ber very nearly equals 2 (as indicated by the vertical straight- 
line plot in Fig. 4, of the paper). However, care must be exer- 
cised in extending the methods used by the author to cases in 
which both conditions are not completely satisfied; for example, 
the hysteresis exponent m may be as high as 9 for some mate- 
rials.* 

It is interesting to note that since C2, in Fig. 7 of the paper, is 
proportional to f~°8* rather than f~', and since hysteresis ex- 
ponent m is 2, the frequency of vibration apparently affects the 
shape of the hysteresis loop of rubber. In this respect rubber is 
unlike other materials which generally show no significant change 
in hysteresis damping capacity with changing frequencies. 

Rubber is also peculiar in that its dynamic modulus of elas- 
ticity is larger than its static modulus; in most materials the 
reverse is true. The negligible effect, shown by Fig. 10 of the 
paper, of frequency of vibration on the dynamic modulus of elas- 
ticity is apparently typical of most materials; unpublished tests 
made by the writer showed jess than a | per cent change in many 
materials even at frequencies as high as 25,000 cycles per sec. 

A test variable not discussed in the paper is the effect of re- 
peated stress on the dynamic properties of rubber. Was a given 
specimen used for several tests? If so, were any corrections 
made for the effects of previous eyelic stress on the dynamic 
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hic. 2. Errecr or Sustatnep Cycuic Stress ON Dynamic Prover- 
TIES OF RUBBER 
(E = dynamic modulus of elasticity. Ar = the resonance-amplification 
factor which is a reciprocal function of damping capacity; Ar = 2/[8 + 62). 
Specimen: Channel-black rubber rod, 1 in. diam by 2!,» in. long with brass 
rods vulcanized on ends. Specimens supplied by Nationa! Bureau of Stand- 
ards. Stress: Static tensile prestress of 79 psi plus an alternating direct 
stress of +29.2 psi at 5.3 cycles per sec.) 
properties? Recent work? indicates that sustained cyclic stress 
may change both the dynamic modulus of elasticity and damp- 
ing capacity of materials by more than 20 per cent. In order to 
determine if rubber is similarly affected by repeated stress the 
writer procured the data shown in Fig. 2 of this discussion by 
the sustained, near-resonant vibration method.* The resonance- 
amplification factor, A, in Fig. 2, is the ratio of the internal force, 
produced in the specimen during resonant vibrations, to the 
alternating force applied to the specimen by a mechanical oscil- 
lator, and it is a reciprocal function of the damping capacity. 
The dotted portions of the curves, based on incomplete data and 
experience with other materials, indicate that the first few stress 
cycles may have a most pronounced effect. It is therefore pos- 
sible that the few cycles of stress which occurred during a vibra- 
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DISCUSSION 


tion-decay run may affect subsequent results on the same speci- 
men. 

One final topic worthy of discussion concerns the relative ad- 
vantages of the two main methods of measuring damping capac- 
ity: (a) the rate-of-vibration-decay method employed by the 
author and (6) the sustained near-resonant vibration method. 
The following arguments are offered in favor of the sustained, 
near-resonant vibration method: 

(a) The sustained, near-resonant vibration method can readily 
reveal the effect of continued cyclic stress on the damping ca- 
pacity. The same effect may be studied by the vibration-decay 
method, but that involves switching the test specimen back 
and forth between a fatigue machine and a damping machine. 

The effect of repeated stress on the damping capacity of ma- 
teriuls may be a highly significant variable, since machine and 
structural elements of which the damping capacity must be con- 
sidered are generally subjected to alternating stress in actual sery- 
ice. Furthermore, some materials are more sensitive to re- 
peated stress than others; the damping capacity of magnesium 
alloys O and J, for example, may be decreased by 10 times or 
more by sustained cyclic stress.® 

(b) Frequently, the rate of decay of a vibration may be so 
rapid for some materials that relatively few waves are availa- 
ble for calculating the logarithmic decrement, and, therefore, 
the results are not always reliable. The sustained, near-resonant 
vibration method, however, works particularly well on materials 
or structures of high damping capacity. 

In this connection, it would be of interest to know how many 
useful waves were present in the average vibration-decay curves 
of the rubber tested by the author. 

(c) The sustained, near-resonant method can be used on com- 
plex shapes, whether forged, cast, machined, riveted, welded, or 
otherwise fabricated, for testing under conditions which closely 
simulate actual service. 

(d) The sustained, near-resonant vibration method is as easy 
to operate as the vibration-decay method if the proper auxiliary 
equipment is used. 

The views of the author on the comparison of the two methods 
of measuring damping capacities would be appreciated. 

There apparently is a typographical error in Equation [3] of 
the paper which should read 


W.N.Finpbiey.* The author has employed an interesting device 
for studying the damping of rubber. It is, however, unfortunate 
that he has not interpreted his results in the light of the theory 
presented and discrepancies which may have been involved in the 
application of the theory to the problem studied. Lacking ade- 
quate interpretation by the author, the writer has not been able 
to reconcile some of the author’s conclusions with the stated 
conditions of the problem. 

The author found by measuring the decrease in amplitude 
after n cycles, and the elapsed time, ¢, over the same number of 
cycles that he could compute the value of gq. He found that the 
value of q; obtained for different numbers of cycles, n, taken from 
the same test was a constant, from which he concluded that the 
damping force was proportional to the velocity. 

If the damping is proportional to the velocity and p; is a con- 
stant then the equation 


5 These data are taken from a paper by A. Yorgiadis and A. Kutsay 
submitted to the ‘‘Journal of the Aeronautical Sciences. 

® Associate in Theoretical and Applied Mechanics, College of En- 
gineering, University of Illinois, Urbana, Ill. Jun. A.S.M.E. 
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is the exact expression for the forces involved in the motion of the 
pendulum damped by rubber springs. But this fact alone does 
not necessarily prove that Equation (A) is the correct expression, 
because the exact solution of the foregoing equation is 


x = (Cos V pt — att 


— 


Sin Vp? —at-t)...(B) 


Thus a force system represented by equation (A) results in a 
sinusoidal motion whose amplitude decreases with time according 
to the exponential function e~“"'. It might be possible for experi- 
mental result of logarithmic-decrement measurements to yield a 
constant value of q; (for a given frequency), but for the motion to 
be other than sinusoidal. In this case the differential equation 
(A) would not accurately represent the relationship between 
forces in the vibrating system, because the exact solution of [A] 
is [B] which is a sinusoidal motion. 

It is further brought out by the author that the results of tests 
of the same specimen at different frequencies yield different 
values of constant C2, such that C. may be represented by an in- 
verse function of the frequency, C2 = Q/f°-*%. This shows that 
the damping force is not proportional to the first power of the 
velocity only but may be proportional to some other power of the 
velocity, since the velocity and frequency are interrelated. It 
has been shown by previous investigations of steady-state forced 
vibration that damping proportional to other powers than the 
first power of the velocity can be approximately represented by 
an “equivalent” viscous-damping term,’ the coefficient of which 
may be a function of frequency and amplitude. Perhaps the 
case of free vibration with damping proportional to the nth power 
of the velocity can be handled in a manner similar to that used 
by Jacobsen for forced vibration. If such a method has been used 
by the author, a complete analysis of the problem would be a 
welcome addition to the paper. 

The author’s second conclusion that the “dynamic”? modulus 
of elasticity is slightly larger than the static modulus and is not 
affected by change of frequency raises a question as to the cause 
of this slight deviation. Since the author found no effect of fre- 
quency on the dynamic modulus, the dynamic modulus must be 
the same as the statie modulus. 

A possible explanation of the observed difference between static 
and dynamic moduli may lie in the fact that the stress-strain 
diagram of rubber is not a straight line, so that the slope changes 
with the value of strain. This condition is in opposition to the 
requirements of the differential equation used by the author to 
represent the forces but may not affect the motion if the ampli- 
tude results in changes of strain so small that the modulus is a 
constant over the values of strain used. If, however, the modulus 
did change over the range of strain which obtained during the 
vibration, then the conditions of the equation are violated; and 
one may expect that the ‘“dynamic”’ modulus, computed from an 
equation which does not accurately represent the forces acting 
in the system, would differ from the static modulus. 

Unfortunately the author did not indicate in his paper the mag- 
nitude of the variation in the strain occurring during the vibra- 
tion, so that its effect on the change in modulus cannot be evalu- 
ated. 


AUTHOR’S CLOSURE 
It is recognized that hysteresis damping cannot in general 
be represented as viscous damping. However, the theory of 


7 “Steady Forced Vibration as Influenced by Damping,” by L. S. 
Jacobsen, Trans. A.S.M.E., vol. 52, part 1, 1930, paper APM-52-15. 
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viscous damping is simple and affords a convenient method for 
comparison and evaluation of damping. Test results plotted 
on charts similar to Fig. 4 of the paper indicated that the damp- 
ing occurring in this investigation could be represented quite 
well by a velocity coefficient. This was the basis for the decision 
to use the theory of viscous damping for interpretation of the 
damping data in the paper. 

As Mr. Lazan states, the concept of hysteresis is that of 
energy absorbed by virtue of the noncoincidence of the loading 
and unloading branches of a load-deflection curve. In the case 
of a curve obtained by a static test on an elastic material, the 
only force present is a force depending upon deflection. On the 
other hand, a dynamic curve represents the value of the total 
foree exerted by the spring for a given deflection. This total force 
may depend upon velocity as well as deflection. If so, more 
energy may be lost at high frequency than at low frequency, This 
appears to be the case for rubber. 

The conditions of the tests required the use of a pair of speci- 
mens and a given pair was used for as many as 50 different tests 
with, in some cases, a test being duplicated after a number of others 
intervened. No effects of previous cyclic stress were noted in 
the damping and dynamic modulus. In general, however, it was 
necessary to unload the specimens between tests in order to 
adjust the distance of the specimens from the axis of the pendu- 
lum. In nearly all cases the pendulum was at rest for a short 
time between tests. 

The vibration-decay method offered a simple and rapid method 
of evaluating damping and dynamic modulus. This appears 
to be the strongest argument in favor of its use. Arguments 
against it are: 


(a) It operates at the natural frequency of the system, which 
makes it difficult to obtain either very low or high frequencies. 

(b) If a large amount of damping is involved, the decay is 
so rapid that only a few measurable cycles can be recorded. 


The number of useful cycles in the tests ranged from 6 to 
several hundred and was much smaller for those specimens in 
which the ratio of diameter to length was small. 

Mr. Findley raises the question of whether the motion is 
sinusoidal. No comparison for shape of the curve was made. 
The initial amplitude of the moving end of the pendulum was 
never greater than 0.75 in. This is great enough for measure- 
ments of amplitude but not great enough for evaluation of 
shape, that is, to determine whether the motion is exactly 
sinusoidal. Any such comparison would be extremely laborious, 
since no two tests would have the same frequency and damping. 
It was felt that the time would be spent better in quantitative 
evaluation of damping. 

The author’s statement on dynamic modulus was that, in the 
range of frequencies observed, the frequency appeared to have 
no effect upon the dynamic modulus. This does not indicate 
that the dynamic modulus is the same as the static modulus. 
In a static test of rubber, plastic flow influences the shape of 
the stress-strain curve (see Williams, reference 6 in the paper). 
If plastic flow is involved in a dynamic test, it is probably to a 
much smaller extent. It would be interesting to make tests at 
very low frequencies to see whether there is some critical fre- 
quency below which plastic flow occurs in significant amounts 
and above which it does not. 

With regard to the amount of strain and its variation, this 
would seem to be a very difficult factor to include in theory or 
interpretation of a test with decaying amplitude. The fact 
that the period of the motion does not change as the amplitude 
diminishes suggests that the variation of dynamic strain has 
no very large effect. 
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Torsional and Flexural Buckling 
of Bars of Thin-Walled Open 
~ Section Under Compressive 


and Bending Loads’ 


N. J. Horr.?. A considerable simplification of the Wagner- 
Kappus theory of torsional buckling is one of the main achieve- 
ments of the paper. This simplification will be most welcome to 
those who are interested in aircraft stress analysis. In view of 
Professor Goodier’s statement, “It is somewhat difficult to see 
how a torsional deformation can be maintained by thrust,” 
the following considerations may be of interest. 

Fig. 1 of this discussion is the projection upon a horizontal 
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ProsecTION Upon Horizontat PLANE OF THREE Cross 
SECTIONS OF ORIGINALLY STRAIGHT VERTICAL BaR 
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plane of three cross sections of an originally straight vertical 
bar. The top section A,-B, and the bottom section A,-B, are 
kept in their respective original positions while the middle sec- 
tion is twisted into position A,,-B,,. The originally straight edge 
A,-A,,-A, is now curved and may be represented in rough ap- 
proximation by the two straight lines A,-A,, and A,,-A,. The 
compressive forces odA acting in the upper and the lower halves 
of the edge fiber have a resultant R, in the middle section. This 
resultant forms a couple with the resultant 2, at B in the middle 
section. The couple tends to increase the angle of twist. Such 
an increment, on the other hand, is resisted by the torsional 
rigidity of the bar, and torsional buckling occurs when the end 
thrust is sufficiently great to overcome this resistance. 

It is believed that this very rough approach is helpful in visual- 
izing the action of the forces involved. The same considerations 
can be applied more rigorously to an infinitesimal element of the 
bar when they lead to an equation which may be obtained from 
Equation [6] of the paper by replacing wu’, v’, 8’, and 6’’’ with 
u",v”, and 6", respectively. 


1 By J. N. Goodier, published in the September, 1942, issue of the 
JOURNAL OF AppLIED Mecuanics, Trans. A.S.M.E., vol. 64, p. A- 
103. 

2 Assistant Professor of Aeronautical Engineering, Polytechnic 
Institute of Brooklyn, Brooklyn, N. Y. 
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INFINITESIMALLY SMALL ELEMENT OF SLIGHTLY DEFLECTED 
ORIGINALLY STRAIGHT BAR UNDER ENp Turust 


2 


It is of interest to note that the differential equation corre- 
sponding to pure flexural (Euler) buckling can also be obtained 
in an analogous way. Fig. 2 of this discussion represents an in- 
finitesimal element of a slightly deflected originally straight bar 
under end thrust. With the slope dy/dz at the lower end and 
dy/dz + (d*y/dz?) dz at the upper end, the y-component of the 
resultant of the (sensibly) uniform compressive stress o is 


where A is the cross-sectional area of the bar. The y-component 
of the resultant of the shear force in the two sections is 


dS 
dz 


where S is the shear force, if the cosine of a small angle is neg- 


lected.. With S = EI (d*y dz*) one obtains the equilibrium 
condition 
d‘y d*y 


AvuTHOR’s CLOSURE 


Dr. Hoff’s demonstration of how torsional deformation can 
occur under pure compression is based on a point of view which 
agrees with the original one of Wagner. In the paper it is 
stated that this involves a tacitly assumed hypothesis. This 
hypothesis is the statement that in (for instance) a bar with a 
doubly symmetrical cross section which has buckled by pure 
twisting, under the action of pure compression, the stress on a 
cross section may be taken as the original compressive stress 
7 now inclined along the twisted fibers, together with the ordinary 
Saint Venant shearing stress of torsion, associated with the 
geometrical twist which the bar has. 

To see the hypothetical nature of this statement, take a cross 
section in the twisted bar, which is plane and precisely normal 
to the axis. We should then naturally say that the purely axial 
compressive stress on this section is still the original stress o, 
so that we may have equilibrium. Such a stress has no axial 
moment. It would seem equally natural to take the shearing 
stress on the section as that of Saint Venant torsion correspond- 
ing to the twist the bar is supposed to have. But then the axial 
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moment of this torsional shearing stress would not be balanced 
by any other moment on a part of the bar between the section 
in question and one end. 

An unambiguous description of the state of stress involved is 
available in the theory of larger displacements, and it bears out 
the correctness of the results obtained from the view taken by 
Wagner. This does not of course mean that his argument 
constitutes a proof. The argument of the preceding paragraph 
is equally plausible but points to a different result. In the 
author’s view the matter hardly admits of any simple and at the 
same time convincing demonstration. It seems to be essentially 
a problem of the theory of larger displacements. 


Graphical Analysis of Impact of 
Elastic Bars’ 


R. Ek. Bruckner.?. The author’s models, making visible the 
stress-strain waves running back and forth along an elastic bar 
after impact, have aroused keen interest and deserve more wide- 
spread use. 

As used in the paper the term ‘“‘velocity’”’ has three distinct 
meanings: (1) the “‘mass or striking” velocity of the moving bar 
before impact, in which every particle of the bar is moving at 
the same speed; (2) the “acoustic velocity” or velocity of propaga- 
tion of the disturbance along the bar; and (3) the “disturbance 
velocity”’ or velocity of any given plane cross section of the bar 
relative to a reference cross section in the bar itself. This is the 
velocity concerned in the author’s v-p diagrams. In all of the 
author’s examples the struck bar is either fixed to the stationary 
frame, or suspended idly at rest just before impact, so that the 
reference cross section is stationary. But when both the striking 
and the struck bars are moving before impact, care must be taken 
to use in the v-p diagram the velocity of one part of the bar relative 
to another part of the same bar. It is the strain caused by this 
relative velocity of different sections of the same bar which 
causes and measures the impact stress. 

In his Appendix, the author derives his basic equation 

Ap _E 
Av a 


by assuming a bar of acoustic length a. In the preceding expres- 


sion for the relative strain in the bar 


a — 


a 


the symbol a represents a length of bar. Dimensional analysis of 


the basic equation 


Ap 

Av a 
shows that 

Ap _ mit 

Av 


Hence, the term a on the right-hand side must be 1/t or velocity. 
Introducing Equation [2] in the body of his paper, the author 
states: “In an elastic bar, a change of velocity involves a propor- 
tional change of stress” 


1 By K. J. DeJuhasz, published in the September, 1942, issue of the 
JourRNAL oF AppLIeED Mecuanics, Trans. A.S.M.E., vol. 64, p. 
A-122. 

2? Manager, Machine Design, Kimble Glass Company, Vineland, 
N.J. Mem. A.S.M.E. 
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The special case derivation in the Appendix can be generalized 
to ine.wde a bar of any length, viz: 

For a bar of any length L, after L/a seconds have elapsed, 
the length L of the bar will have assumed the new state v»2pr. 
After L/a seconds, the initial length of the bar is changed to 


L 
L — — (ve — 0) 
a 


and it can be written 


. [2] 
(v, — v,) (p2 — pr) 
= 1- — 
a E 
or 
A E 
[3] 
Av a 


which is the same as the author’s appendix Equation [3], proving 
its applicability to a bar of a length longer or shorter than the 
acoustic length. 

In calculating the acoustic velocity a, the author’s symbol V 
is the mass specific volume, or the volume of 1 Ib of the bar ma- 
terial, times gravity acceleration, or 386 in. per sec per sec. Thus, 
for steel 

= '31,000,000 x 386 
a= VVE = + 0.283 208,000 in. per sec 

The author comments: ‘For steel, the surge constant is 151 
lb-in.*—means that a velocity change by 1 in. per sec imposed 
on a steel bar is accompanied by 151 psi change in stress.” 
This generalized derivation proves that the stress is constant 
at 151 psi for any length of bar. Also, the “velocity change of 
1 in. per sec” is in no sense an acceleration, it is the relative ve- 
locity between the two ends of the bar, created by the applica- 
tion of a force to one end of the bar, suddenly enough to develop 
this relative velocity before the mass of the bar can accelerate; 
namely, before the disturbance can travel the length of the bar. 
Since this disturbance would travel the length of a bar 208,000 
in. long in 1 sec, it is obvious that an impact or hammer blow is 
required on bars of usual length to create the relative-velocity 
squeeze forming the subject of the paper. 

This 151 lb is the force required to give unit acceleration of 
1 in. per sec per sec to a steel bar of unit cross section (1 sq in.) 
and acoustic length (208,000 in.). This accelerating force varies 
in direct proportion to the length of the bar and is independent 
of E and a, whereas the infinite or impact acceleration of the 
struck-end face of the bar to unit velocity relative to the opposite 
end requires only the same force of 151 lb, which is independent of 
the length of the bar and determined only by E and a. 


R. W. Ancus.’ The interesting problems solved in this paper 
by a graphical method are worthy of notice. Considerable at- 
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Toronto, Canada. Past vice-president and Honorary Member 
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tention has already been paid to the matter, particularly by Prof. 
Louis Bergeron of Paris, in a paper‘ in which he shows how graphi- 
cal methods used for water-hammer calculations may be applied 
to shocks between sclid bodies. Professor Bergeron states that 
stopping a metal bar by a rigid body is analogous to stopping a 
water column, the main difference being that, in the former case, 
only the elasticity of the bar need be considered, while in the lat- 
ter, both the elasticity of the water and of the wall of the pipe are 
concerned, 

The writer believes that it ix better to treat the questions 
sulved by the author as illustrations of the theory used in water 
hammer and presents briefly the problem from that point of view, 
following the plan laid down in his papers referring thereto.® 

The velocity a of the compressional wave in an elastic medium 
is shown in various texts on physics to be 


where a is in feet per second, w is the weight of 1 cu ft of the sub- 
stance, g = 32.2 feet per second per second, and E is the modulus 
of elasticity in pounds per square foot for consistent ordinary 
engineering units. 

If a bar of uniform cross-sectional area F and moving at uni- 
form velocity V feet per second is brought to rest by coming in 
contact with a rigid body, then in 1 sec a change will occur in the 
a feet, nearest the rigid body, 2 compressional wave having 
traveled that distance up the bar. If the magnitude of this com- 
pressional stress is indicated by s, then the force produced on the 
rigid body is P = Fs and clearly 


w w 
P = Fs = - FaV ors = - aV 15] 
q 


Accompanying this stress s, there will be a decrease in the length 
a of the bar given by 


él wav 


a E qg E 
Hence 


rye = V [6] 
g wg 
In this formula EZ is Young’s modulus, in most cases. 

In order to establish the fundamental relations for solving the 
problem of the effect of shock on a bar due to the extinguishing 
of all or part of its velocity, the method laid down for the graphic 
solution of water-hammer problems will now be used. 

In a previous paper,® the mathematical equations applying 
to water hammer are given, and the graphical construction for 
solving such problems is explained. The theory is based partly 
on the work of Joukowsky, who showed that the rise in pressure 


4“Caleul des Déformations et des Surcharges dues aux Chocs, par 
Généralization de la Méthode Graphique de Caleul des Coups de 
Bélier, by Louis Bergeron, La Technique Moderne, vol. 29, 1937, 
pp. 225-231. 

5 ‘‘Water-Hammer Pressures in Compound and Branched Pipes,” 
by R. W. Angus, Transactions of the American Society of Civil En- 
gineers, vol. 104, 1939, p. 340. 

‘‘Water-Hammer in Pipes, Including Those Supplied by Centrifu- 
gal Pumps: Graphical Treatment,” by R. W. Angus, Proceedings 
of The Institution of Mechanical Engineers, vol. 136, 1937, p. 245. 

‘Simple Graphical Solution for Pressure Rise in Pipes and Pump 
Discharge Lines,’’ by R. W. Angus, Journal of the Engineering In- 
stitute of Canada, 1935, vol. 18, pp. 72, 264. 

6 **Air Chambers and Valves in Relation to Water Hammer,” 
by R. W. Angus, Trans. A.S.M.E., vol. 59, 1937, pp. 661-6». 
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h feet, due to the extinetion of velocity 6V feet per second in a 
uniform pipe, is given by 


@ a 
h = - 8V or H — Ay = - (Vo— V)........ [7] 
g 


where Ho and Vo are the head and velocity at steady conditions, 
and H and V are corresponding quantities after the velocity 
change has occurred. 

In water pipes, the rapid decrease in the flow is always accom- 
panied by a pressure wave traveling along the pipe with velocity 
a and a similar phenomenon occurs when the velocity of a bar is 
suddenly decreased by its striking against an obstruction. How- 
ever, in the latter case, the traveling wave is due to a change of 
stress in the bar. It has already been shown that the stress pro- 
duced in a bar by the sudden extinction of velocity V is given by 

w 


s=-aVv 


which may be written 


P — Py = — &) = (Vo V) = (Vo V).. [8] 
where s %o is the change in stress due to the change of velocity 
Vo— V. The similarity of the equations and of the phenomena 
enables one to write out « set of equations for the bar from those 
derived for water hammer, the only difference being that where 


Fwa FE 
a g appears with the water hammer, ——— = —- should be written 
g a 


for the bar. If the bar is composed of several parts with different 
values of F, w, and a then the suitable values should be written 
in each case. 

Suppose a bar ABC, Fig. 1, is moving horizontally and without 
friction, at velocity Vo feet per second, 
and that its motion is stopped because 
of striking a rigid body. Then a stress 
wave starting at A travels toward B with 
velocity a; and from B to C with velocity 
a2, these velocities being calculated from 
the known characteristics of the bar by 
means of Equation [1]. It will make 
the explanations simpler if, in this case, it is assumed that 
/ay = 1, 

By analogy from the hydraulic equations 


Fig. 1 Impact or Bar 
ABC own Rtaip Bopy 


Fyayu; 


Pa, — Po, 


F ya; We 
Pay Fa) [9] 
Pes, Pe, => Cl, Bt;) 
g 
and so on, where t; — = = bh... = = 


The construction is shown in Fig. 2, where axes of force and 
velocity are drawn. Starting with the point X at velocity V> 
and zero stress, the arrest of the end A causes a compressive 
force, as indicated by the line X Ao where tan a, = 
and, since the velocity of A is brought to zero, the force produced 
is OAp. At t; — t seconds later the stress wave reaches B, and 
the force and velocity there are shown at B;. At time (, it has 
reached C where the force must of necessity be zero; hence C, 
is located as shown. The balance of the construction needs no 
further explanation. 

The pressure against the wall continues so long as A has zero 


or positive velocity and the rebound begins at Ay, or 4l;/a; 
seconds after contact is made. The average velocity V,, of re- 
bound is less than Vo as is to be expected since the creation of 
stresses in the metal has taken up some of the kinetic energy in 
the original bar. Velocity and force curves are plotted in Fig. 
3, for this case. 

The author’s illustration in example 7 is the same as has been 
solved by Bergeron, and diagram (c) is drawn from a similar set 
of equations to that given by the writer. The construction of 
diagram (c) is identical with that used in solving a similar prob- 
lem in water hammer. 
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hic. 4 Loap-Srratn DiaGram FoR NICKEL STEEL 


A solution proposed by Dr. O. Schnyder’ gives an approximate 
method of applying the water-hammer construction to the case 
where the force is great enough to cause plastic deformation. Fig. 
4 represents a load-extension diagram for a sample of nickel steel, 
and, with some limitations, it may be approximated by two 
straight lines, O-N, N-M, at least out to the point M. In the 
figure, tan @ is proportional to the elastic modulus E. Strictly, 
the writer’s discussion is limited to the part O-N of this diagram, 
but it may be extended from N to M with a reasonable degree of 


“Uber Druckstésse in Rohrleitungen, die zur bleibenden Rohr- 
verformung fihren,’”’ by O. Schnyder, Wasserkraft und Wasser- 
wirtschaft, Heft 4, 1936. 
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accuracy by substituting a second modulus E’ proportional to 
tan a’ for this latter part of the curve. This will of course 
change the slopes of the lines on a diagram, such as Fig. 2, for 
all forces greater than those corresponding to N, and the method 
may then be extended for a relatively small amount of deforma- 
tion. For many steels and other metals, however, there is no 
straight line N-M which even approximately fits the curve. 

The author jis to be highly commended for his stereograms 
which show in a graphic manner the mechanism of the force and 
velocity changes; he has prepared wooden models of some of 
these cases which are most helpful in understanding a difficult 
problem. 


A. V. pE Forest. This paper is a timely contribution to 
many phases of the problem of impact loads. 

Graphic analysis applied to elastic impact problems should 
prove quite as valuable as the well-known method of graphic 
statics. In both cases, it is possible to visualize the stress condi- 
tions in a way which appeals to the mechanical as well as to the 
mathematical type of mind. In the more complicated impact 
eases, the simplicity of the author’s method is particularly at- 
tractive. 

During the last few years, improvements in oscillographs and 
wire strain gages have made measurements of elastic-strain con- 
ditions possible, and such methods have also been useful in visual- 
izing the problem. A simple case has been described by the 
writer,? to which graphic analysis may readily be applied. 


AvUTHOR’s CLOSURE 


Mr. Bruckner’s remarks are well taken and help to clarify 
some of the concepts which enter into the graphical analysis. 
It has to be borne in mind that in the stereograms the z-co- 
ordinate is tied to the bar (and not to the framework of space), 
i.e., the ‘‘x”’ denotes the distance of a certain cross section from 
a reference cross section. The velocity, “v,’”’ however, represents 
the ratio of the shifting of a given cross section, by ‘du’ in the 
spatial framework, to the time-element “dt,” ie., v = du/adt. 
Additional elucidation of these concepts may be found in the 
references (7) and (8) of the paper. 

Mr. Bruckner’s derivation of the basic equation is correct. 
The derivation in the paper is briefer but possibly not as de- 
tailed. It will be realized that the basic equation is homo- 
genous, i.e., the numerators on both sides have the dimension of 
stress (psi) while both denominators have the dimension of 
velocity (in. per sec). 

It can be also proved, as it has been proved in reference (6) for 
liquid columns, that the basic equation satisfies the principles 
of conservation of momentum (mAv = P At) and that of con- 
servation of energy (dH = Pds). The velocity change can be 
interpreted as either a change of momentum, or change of 
energy; the results in both cases are consistent. 

Professor Angus’ discussion, and his derivation of the velocity- 
force relationship for the impact of solid bodies from those 
previously found for water hammer, put a proper emphasis on 
the analogy existing between these two groups of phenomena. 
The example worked out by him on an impacting body, com- 
posed of two cylinders of different diameters, is a valuable addition 
to those contained in the paper. 

There are many more interesting and important problems 
in the field of impact which are not treated in the paper, which is 
hardly more than an introduction to the graphical method of 
impact analysis. In particular, the method can be applied 


8 Professor of Mechanical Engineering, Massachusetts Institute 
of Technology, Cambridge, Mass. Mem. A.S.M.E. 

* “Some Complexities of Impact Strengths,’’ by A. V. de Forest, 
Trans. A.I.M.M.E., vol. 145, 1941, pp. 13-29. 
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without difficulty to problems involving friction, Coulomb type 
or damping, such as occur in pile driving. It is more difficult 
to deal with nonproportional elasticity such as occurs in solid 
columns or pipes undergoing plastic yield, and in gas columns 
undergoing an isothermal or polytropic change of state. Never- 
theless such problems can be solved by operating with directrixes, 
tan. a, of variable slope as suggested by Professor Angus, or by 
using nonuniform (e.g., logarithmic) co-ordinate scales. To 
these complications some of the beautiful simplicity of the 
graphical method may have to be sacrificed; nevertheless, these 
difficulties have to be faced, as it is safe to say that such problems 
can be solved only graphically or not at all. 

Professor de Forest properly points out the need for ex- 
perimental verification of the theoretical result. Graphical 
analysis, as all theoretical procedures, is based on idealized as- 
sumptions, therefore its results are true only within a certain 
degree of approximation. It is fortunate that modern ex- 
perimental technique such as used by Professor de Forest and 
his group make possible the measurement of such small dis- 
placements and time intervals as occur in impact phenomena. 

All of which points to the great deal of unfinished business 
in the field of graphieal analysis of dynamic phenomena, which 
awaits solution by present and future investigators, both theo- 
retical and experimental. 


Some Two-Dimensional Aspects of 
the Ejector Problem' 


GeorcE R. Ricu.?- The writer has enjoyed studying this ex- 
cellent paper against the background of Goldstein’s Fluid 
Dynamics,’ which conveniently summarizes in English the major 
current literature regarding the theory of motion in a boundary 
layer and the various mixture-length theories of turbulence. 
The concluding chapters contain an illuminating treatment of 
heat-transfer and temperature distribution in heated jets. Gen- 
erally speaking, the core of the analytical work in this field con- 
sists in rendering the basic differential equations of motion more 
tractable by dropping terms of secondary order and in establish- 
ing the form of the stream function y, which in turn involves the 
function F (ny). Research investigators extending the scope of 
the authors’ pioneer work will welcome Goldstein’s comprehen- 
sive presentation of this material. 

Since solid symmetrical solutions‘ of the jet problem are availa- 
ble, it is not immediately apparent, aside from its comparative 
simplicity, why the so-called single-boundary analysis was 
adopted as the starting point for ejector design. The justifica- 
tion® is that “when a symmetrical jet is discharged from a 
large nozzle, with practically uniform velocity at the mouth of the 
nozzle, then near the mouth, where the breadth of the mixing 
zone at the edge of the jet is small compared with the jet radius, 
the curvature will have no appreciable effect. The (two-dimen- 
sional) solution cited should then apply to the mixing zone. 
Tollmien has compared his solution with measurements at half 
a diameter from the mouth of the nozzle of the large Géttingen® 


1 By J. A. Goff and C. H. Coogan, published in the December, 
1942, issue of the JouRNAL oF APPLIED MEcuaAnics, Trans. A.S.M.E.., 
vol. 64, p. A-151. 

2 Chief Design Engineer, Tennessee Valley Authority, Knoxville, 
Tenn. Mem. A.S.M.E. 

3 ‘Modern Developments in Fluid Dynamics,” edited by Sydney 
Goldstein, vols. I and II, Oxford University Press, 1938, paragraphs 
44, 46, 57, 69, 81, 255, 287. 

4 Ibid., paragraph 255, pages 592-599. 

5 Tbid., page 599. 

6 “Ergebnisse der Aerodynamischen Versuchsanstalt zu ttin- 
gen,” No. 2, 1923, p. 73. 
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wind tunnel, 224 em in diameter, and found satisfactory agree- 
ment.” 

The Tollmien approach adopted by the authors is predicated 
upon the momentum-transfer theory of turbulent mixing, rep- 
resented by the equation? 


Experimental evidence also appears to confirm analytical 
solutions based upon the vorticity-transfer theory given by the 
corresponding equation’ 


UoU Vou OU 
bs 
ox oy Oy Oy? 


However, if one of the fluids is hotter than the other, and 7’ is 
the temperature of the mixing zone, the equation’ of heat transfer 
in turbulent flow (neglecting molecular conductivity) is 


UoT Vor 2d f 
+ - - = 


or | 
ox oy dy | 


dy f 


Assuming that the mechanism of heat transfer by turbulence 
is substantially similar to the transfer of momentum, we may 


with sufficient accuracy replace Ly by the expression /? ae? in 
accordance with Prandtl’s hypothesis 


dy dy dy dy 
Comparison of Equations [1] and [4] of this discussion indi- 
cates that the temperature distribution is the same as the velocity 
distribution for the momentum-transfer theory. To investigate 
the temperature distribution in the case of vorticity transfer, let 


the stream function Y = AxF(n); n =~; | = cx; A = constant; 


= constant. Then 


+O ou y 
U= AF’ — =— AF"(n) - 
dy (n) (n 
: oy ov 
(n) — F(n) dy 1F"(n) 


Substituting these values of U and V in Equation [2], F + c2F’’’ =0. 
Now assume that 7’ = a constant + g() and substitute in Equa- 


tion [4] Fg’ + cF"g” + c2F''’g’ = 0, but F’’ = —F/c? from 
Equation [2] so that Fg’ + c?F"g” — Fg’ = 0. Hence g” must 
equal 0, and g’ = a constant; consequently g must involve 


only linear values of the variable 9° = y Accordingly if the 


vorticity-transfer theory is adopted for hydraulic turbulence, 
the temperature distribution for the case of one of the liquids 
heated must be a straight line or, in other words, equal to the 
square root of the velocity distribution. 

According to Goldstein’s® references, experimental data ap- 
pear to favor the straight-line temperature distribution which 
indirectly lends some weight to the vorticity-transfer theory for 
the hydraulic turbulence. It is of course difficult to make a selec- 
tion on the basis of experimental data on unheated jets, because 
the velocity distribution is then identical by both methods. It 
may be advisable to retain both methods for further investiga- 
tion as the development of practical ejector design progresses. 


* Ref. (3), vol. II, p. 597. 
® Ibid., p. 594. 
Tbid., p. 672. 


The authors have developed an ingenious method of attack 
to cover the case of two liquids of different density, and one which 
certainly appears to give results in conformity with common 
sense. The inadequacy of the Tollmien theory to cover this case 
is due to the fact that the existence of the stream function y 
presupposes incompressibility or zero divergence of the velocity 
vector of the fluid 


ou + ov 
Or Oy 
A stream function y such that U = dy/dy and V = — oy/dz 


cannot exist unless V-V = 0. 

The authors’ device permits the existence of one stream func- 
tion in the denser zone and a companion function in the lighter 
zone with equality of the two stream functions on the line of 
separation. 


AvutTHors’ CLOSURE 


The discussion of George R. Rich is appreciated by the authors. 

The special reasons for using the plane jet as a starting point in 
studying the mechanics of mixing in the ejector are not made ap- 
parent in our paper. In the beginning we decided that the 
Schlieren method of photographing density gradients could be 
expected to give valuable clues to the mixing process in the con- 
ventional ejector, or in a plane model simulating one. It soon 
appeared, however, that the theory of turbulent mixing was 
indispensable as a means of interpreting the photographs them- 
selves. This in turn suggested that an advantage could be 
obtained by redesigning the experimental model to conform as 
closely as possible to the boundary conditions of the theory. 
Having started with the plane jet in order to take advantage 
of the Schlieren method, we did not consider it worth while to 
change to the cylindrical jet, though we recognized the latter 
would ultimately be dictated by practical considerations. 

We have not pretended that our analysis of the effect of differ- 
ent densities between driving and driven fluids is complete; and 
in our paper we have called attention to the incompatibility, in 
view of the analogy of heat transfer and momentum transfer, 
of a discontinuity in the density profile and a continuous velocity 
profile. However, we thought that the incomplete analysis was 
worth publishing as a first approximation to the complete solu- 
tion. It is hoped that experimental work can be resumed and 
further analytical studies made when circumstances return to 
normal. 


Book Reviews 


Fluid Mechanics and Statistical 
Methods in Engineering 


Fiurp MECHANICS AND StatisticaL METHODS IN ENGINEERING. By 
Hugh L. Dryden, Theodore von Karman, Anton A. Kalinske, 
Thomas K. Sherwood, Samuel S. Wilks, Walter A. Shewhart, Leslie 
E. Simon, and Roscoe Pound. University of Pennsylvania Bicenten- 
nial Conference. University of Pennsylvania Press, Philadelphia, 
Pa., 1941. Cloth, 6 X 9 in., 146 pp., tables, etc., $1.75. 


HIS publication, which is a collaborative work, is divided 

into two parts. The first describes briefly for a technically 
trained reader several diverse applications of fluid me- 
chanics. The second part deals with statistical methods and 
covers the analysis of observations by which the theory given in 
the former part may be checked. 
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Fluid Mechanics 


REVIEWED BY BRANDON G. RIGHTMIRE' 


Each of the four authors has given a clear statement of the 
physical problem under discussion and has avoided, as far as possi- 
ble, complicated mathematical details. Each one has also pointed 
out the boundary of present knowledge and has suggested probable 
paths for future work. References are given in every article. 

H. L. Dryden discusses the problem of transition from laminar 
to turbulent flow, which is of prime importance in the design of 
low-drag aircraft. 

The high-speed flow of compressible fluid is treated by Theo- 
dore von Karman. Among other things he discusses shock 
waves, subsonic flow in aeronautics, and supersonic flow with 
special reference to exterior ballistics. 

The hydraulic engineer is interested in the transport and depo- 
sition of sediment by natural streams and rivers. A. A. Kalinske 
describes theoretical and experimental work which has been done 
on the problem of fluid turbulence in relation to transport of 
finely divided solids. 

In the field of chemical engineering, one of the applications of 
fluid mechanics is to problems of mass transfer between a stream 
of fluid and either a solid or another fluid. T. K. Sherwood pre- 
sents experimental data on mass transfer and compares them 
with the results of several theories based on an analogy between 
mass transfer and fluid friction which is similar to the well- 
known Reynolds analogy between heat transfer and friction. 


Statistical Methods in Engineering 
REVIEWED BY GEORGE P. WapswortH? 


The part that statistical methods are playing in the field of 
engineering is increasing rapidly, particularly in development 
and experimental work, as well as the control of the output 
quality of a manufactured product. The concept of sampling 
variability and its relationship to specification writing, and the 
meaning of the specification itself in terms of verification, is 
another statistical problem whose application has been very 
valuable to industry and the Army during this war. 

The four papers by Samuel 8. Wilks, Walter A. Shewhart, 
Leslie E, Simon, and Roscoe Pound incorporated in the Univer- 
sity of Pennsylvania Bicentennial Conference throw different 
lights upon this subject of Statistical Methods in Industry. 

In his introduction Dr. Wilks considers the two ways of dealing 
with observations; first, the collection, tabulation, description, 
and presentation of masses of numerical data; and second, the 
methodology for making predictions and inferences from observa- 
tional data together with appropriate measures of confidence in 
these predictions, 

His ideas on the principles of probability theory are well ex- 
pressed, stressing the concept of a mathematical model on which 
statistical theory is necessarily based, employing a practical ex- 
ample to emphasize further the effectiveness of such a model. Dr. 
Wilks then shows how sampling theory and the results of experi- 
ments are related to the picture of that mathematical model, and 
how that in turn produces the concept of significance as applied 
to computed statistics. 

' Assistant Professor of Mechanical Engineering, Massachusetts 
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He points out the importance of designing experiments and in- 
vestigations according to certain statistical principles, so they 
may be analyzed in a manner to yield the maximum amount of 
information from the observed results. 

Dr. Shewhart discusses the possibility of eliminating assignable 
causes of variation in the repetitive operations of the engineer, so 
that the remaining variability follows the laws of chance and thus 
makes it possible to obtain the maximum assurance that the re- 
sults of repeating an operation will fall within certain specified 
tolerance limits. 

He gives many examples of operations which are under statisti- 
cal control, as well as some that are out of such control (that is, 
their variability does not. follow the laws of chance), and he em- 
phasizes the advantages gained by having a repetitive operation 
in control, 

He points out, however, that even when all of the assignable 
causes of variation are not eliminated, the application of statis- 
tical theory to sampling will serve as an excellent screen to 
insure that at a minimum cost the product will meet the speci- 
fications. 

Dr. Shewhart discusses the possibility of reducing, as rapidly as 
possible, the tolerance ranges which are allowable in a given 
sample and thus maximize the assurance that the product 
turned out by a given process will meet specifications. This 
makes operating most effective with a given quantity of raw 
material. 

Statistical control provides a technique for combining effec- 
tively the three fundamental steps in the process of mass pro- 
duction: specification, manufacturing, and inspection, thus, 
making it possible to produce the maximum number of pieces 
within given tolerance limits at a given cost. In addition, the 
technique shows how to minimize the cost of inspection and the 
cost of rejection. 

Lt. Colonel Leslie E, Simon is primarily interested in the use 
of statistical methods for the writing of specifications on a prod- 
uct. He points out that there is no other satisfactory method of 
writing specifications than on the basis of statistical examination. 
Statistical methods give a procedure whereby evidence can be 
accumulated and accepted as proof that the product will meet « 
given standard of quality, and that the evidence can be expressed 
in a reasonable, fair, and operationally verifiable way. He points 
out particularly that if a statistically uniform quality exists in a 
given type of ammunition, and one knows the general level of 
that quality’s characteristics, the measures of variation from 
sample to sample are specifically known; and the values for the 
measures of quality within which the lot would be acceptable are 
given. Colonel Simon discusses in detail the evolution of a stand- 
ard of quality and points out particularly how this is obtained 
from past information of the particular product. 

Dr, Roscoe Pound points out that law and legislation are built up 
on the basis of statistics of the past, and therefore there should be 
a relationship between that subject and, for example, quality 
control of a product under mass production. He points out that 
perhaps the realists who have been urging a science of law based 
on statistics have been expecting too much. Dr. Pound demon- 
strates that quality is not defined as an absolute, which should be 
analogous to law, but as related to a process, i.e., repetitions of 
attributes. He finds that such expressions as ‘verifiable opera- 
tional quality” and “objective judgment of quality” strike a 
similar chord in law and statistics. This whole paper is very in- 
teresting and thought-provoking and may sometime lead to new 
concepts of law and legislation. 
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Stress Distributions in Cylindrically 
Aeolotropic Plates 


By G. F. CARRIER,' ITHACA, N. Y. 


The subject of this paper is the mathematical analysis 
of the distribution of stress in thin plates of cylindrically 
aeolotropic material. The plane-stress theory leading to 
the general solution of this problem under arbitrary 
boundary conditions is developed in a manner analogous 
to that used in the corresponding problem involving iso- 
tropic materials. The analogy between the plane-stress 
and plane-strain problems is the same as in the isotropic 
case, and hence needs no discussion. The following prob- 
lems are solved: The ring under uniform radial internal 
and external pressure; the extension of this problem to 
include the case of the complete disk; the rotating disk; 
the curved beam bent by end couples; the dislocation 
problems of the ring; the hydrostatic-stress problem; the 
force and the couple applied to the vertex of a wedge; andthe 
force applied at a point in the infinite plate. Stresses and 
displacements are plotted for the first four of the foregoing 
problems, showing the effect of the degree of anisotropy. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 
r, 0, 2 cylindrical co-ordinates 
u,v radial and tangential displacements 
Tadial, tangential, and shear strains 
o,, 09, Tg radial, tangential, and shear stresses 


Fo applied pressures 

ay; elastic constants 

/A22 

2b + Ges) 

p 

ry Ts inner and outer radii of ring 

é half angle of wedge 

€ ry; 

p mass density 

w angular velocity, radians per sec 


a Vise 


1 + 2b 
c 


Je +1 + 2 
c— 


q V2(b + 1) 

N (1 — — — + 2[4a — (a — 1) 
+ — (a + + 

N’ 2(ee* — 1) — hy (In e)(e** + 1) 

K’ : 


2(sin gt — gt cos gé) 
CYLINDRICAL AEOLOTROPY 


A cylindrically aeolotropic material is the type of material 
which would be formed, for example, by winding thin impreg- 
nated laminations about a cylindrical core and allowing the im- 
pregnating material to harden into an elastic substance. It would 
therefore differ from an isotropic material in that its elastic 
properties would not be independent of orientation. In fact, the 
directions along which the properties would be constant are the 
directions obtained by holding constant any two of the three 
cvlindrical co-ordinates, r, 6, and z, where the z-axis must coin- 
cide with the axis of the core. In terms of these cylindrical co- 
ordinates, the following rigorous definition is given. 

A cylindrically aeolotropic material is defined as one whose 
elastic constants, as referred to the cylindrical co-ordinate sys- 
tem, are independent of the magnitude of r and remain invariant 
under the following co-ordinate transformations: A rotation 
about the z-axis, a translation along the z-axis, and a reversal of 
the z-axis. 

The first three of the conditions mentioned are essential in 
order that the “elastic constants” in the cylindrical co-ordinate 
form of Hooke’s law be actually constant and not functions of 
position. The fourth condition, that of reflective symmetry 
about the (r, @) plane, would usually be met in practice (as would 
the others) and reduces the number of elastic constants which 
must be considered to a reasonable quantity. A possible fabri- 
cation where the fourth condition would not be satisfied is the case 
where the laminations are coaxial cones. 

It will be shown that cylindrical aeolotropy cannot exist at or 
near the z-axis. Hence the solutions of problems involving plates 
which contain this axis of symmetry will not be exact near the 
origin. However, corrections may be made for such problems as 
will be shown. 


Hooke’s Law 


The statement of Hooke’s law for the case of 


3+ + 1 + 2b(mk)? 


2c 2c 


c— b? 
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general aeolotropy may be written in the form? 


= + Giza, + + + Giste, + Gist 
+ Ano, + Axo, + Aut, + + 
+ A320, + 330, + + + 
Yrs = + Gao, + Guo, + Autry + + 
Yon = og + + + + + 


Ye = + Ano, + + + Beste, + 


= 


es = 


However, the symmetry of cylindrical aeolotropy demands that 
several of these elastic constants vanish. For example, consider 


2 “*Mathematical Theory of Elasticity,” by A. E. & Love, Cam- 
bridge University Press, London, England, 1934, p. 106. 
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dys, the tensile strain in the tangential direction due to a unit 
stress of the type, 7,9. If, as in Fig. 1, a shearing stress 7 is ap- 
plied to the element shown, a strain of the type eg, of value eg 


T 


Fig. 1 ELEMENT UNDER SHEAR LOADING 


= ar, results. If now, —r is applied to the same element and the 
element is observed from the opposite side,* the same physical 
conditions are seen to exist. However, the strain must now be eg 
= —dyrT, SO Aig = —AQye = 0. In the same manner, all of the 
nondiagonal terms,‘ with the exceptions of and can 
be shown to vanish. 

Now applying the usual assumptions of plane-stress theory, 
namely, that the stresses and displacements do not vary across 
the thickness of the plate (along the z-axis) and that the lateral 
surfaces of the plate are free of stress, Hooke’s law reduces to 


= G09 + Ano, 
+ 
1667 
113969 + 


Comparing now with the isotropic case, there remain two 
tensile moduli, 1/a,; and 1/a22, a number, a2, corresponding to the 
negative of Poisson’s ratio divided by the tensile modulus, and a 
shearing modulus 1/ag, which is independent of the other 
elastic constants. The fourth of these equations, wherein a); and 
a2; again correspond to Poisson’s ratios divided by tensile 
moduli, is unnecessary in developing the theory. 


EQUILIBRIUM AND CoMPATIBILITY RELATIONS 


The equations of equilibrium are found by considering the 


Fig. 2 ELement UNDER GENERAL LOADING 


equilibrium of an element, free of body force, such as the one 
shown in Fig. 2. Since the equilibrium is independent of the type 


3 The reflective symmetry is used here. 
* Term for which i j. 
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of material, the equations are found to be the same as those of the 
isotropic case, namely® 


The relations between strain and displacements are also inde- 
pendent of the material and, again, as in the isotropic case are 
given by 


Ow 
oz 


The normal strains, eg and e,, are the unit extensions in the 
6 and r directions, respectively, and y,9 is the decrease in the first- 
quadrant right angle between the radial and tangential lines in- 
tersecting at the point (r, 4). 

The Equations [2] will be identically satisfied if the stresses 
are derived from the Airy stress function ¢, in the following man- 
ner 
d% 


This may be readily verified by substitution. 

Since the three functions e,, eg, and y,¢ are expressed in terms 
of the two independent displacements, there must be a com- 
patibility relation between them. This can be written in the 
following form (again verifiable by substitution) 


1 0? l 

— (reg) = —- — (ry 
@) drag [5] 
If relations, Equations [4], are now substituted in Equations 

[1], and the resulting expressions for the strains placed in Equa- 

tion [5], the latter reduces to 


1 of of 2b 


wet 


ra) 
=0 


This equation is the only restriction which @ (and therefore 
the stresses) must satisfy, with the exception of the boundary 
conditions. Since it is rather unwieldy in this form, the change 
of variable, t = In r, is introduced, together with the new func- 
tion, Y(t, 0) = e~* ¢(r, 0). The equation now becomes 
of 


o? o? 
. [6] 


5 “Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, p. 52. 
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The useful solutions of this equation are found by considering 
those of the type 


= 0(6)T(t) 
These give the following solutions for ¢, when the relation be- 
tween y and ¢ is again used 
= aor? + + + + bird 
sin + cos + cor! sin + cyr!*9 cos 
+(Ar'** + Br + + Dr In r) sin @ 
+(Eritk + Fr + Gr'-* + Hr Inr) cos 0 


+ + + | 
m=, mk # 1 + D,,r' s)in mké | 
| 


+ + Fr + Grit 
mai mk 1 + H,r'! ®) cos mko } 
CONDITIONS AT ORIGIN 


It will now be shown that cylindrical aeolotropy cannot exist 
at the axis of symmetry of the material. Consider the infinitesi- 
mal element, shown in Fig. 3, where O is the projection of the 


a b 
enn 
Fig. 3) INFINITESIMAL ELEMENT CONTAINING THE AXIS OF SYM- 
METRY 


z-axis. Any property associated with the Y direction at a is also 
associated with the radial or r direction. Any property asso- 
ciated with the Y direction at b, however, is associated with the 
6 direction. Since these points are very close, and since the ma- 
terial is assumed to be continuous, the properties at these points 
in the same direction must be the same. Therefore, there must 
be a region, including the origin, where there is a transition of 
properties. The extent of the core having properties other than 
those ascribed to the general element of the material, will, of 
course, depend upon the fabrication of the material. If it is 
formed in the manner previously suggested, the aeolotropic 
theory would be applied only in that region containing the ma- 
terial so formed, and the solution would be meaningless at the 
origin in any event. If, however, the material is continuous 
through the origin, corrections must be applied to the results in 
this neighborhood, since the mathematical theory does not take 
into account this singularity of properties. An example of a cor- 
rection of this type can be found in the discussion of the disk 
under uniform radial pressure. 


Rine UnirorM RapiaAL PRESSURE 


The problem of the ring with uniformly applied internal and/or 
external pressure is solved by the following terms of Equation 


[7] 
@ = aor + 


The boundary conditions are 
o, =ooatr 


o, =o,atr=nr 


Using Equations [4] and applying the boundary conditions, 
the stresses become 


oo — to; oo — (: 
” 1 — re 1—e™ \re 


and the radial displacement u becomes 


oo — r a 


40 
a 

re) lo 2.0 4o 


Fie. 4 Srresses Ring UnirormM Raptat PRESSURE 


Curve (a) o,atr = r2 
Curve (6) ogatr=n 


Curve (c) 50r at r = 0.707r2 


° Lo 30 40 £0 


Fie. 5 DispLacEMENTsS IN Rinc UNDER UNIFORM RADIAL PRESSURE 


Curve (a) uatr =r: 
Curve (6) 4uatr =n 


In Figs. 4 and 5, values of o;, ¢@, and u have been plotted against 
values of a for a ring with e = 1/2 and o; = 0. To extend this 
solution to include the analysis of the solid disk under uniform 
radial pressure, an approximation to the true state of stress can 
be found by assuming that an isotropic core of small radius oc- 
cupies the central portion of the disk. The problem will be 
solved for the case where the elastic constants of this core are 
such that 


1 
= Gno, + A209 = E vo) 


(see footnote 6) 


1 
= + = E (og — vo,) 


* In the usual isotropic notation. 
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where the a’s are the same as those of the aeolotropic material. 
The boundary conditions become 


Oo, = % atr = 
Craeol = = 
Uneol = Ucore At = 


But the core will have a plane-hydrostatic-stress distribution 
due to its symmetry and isotropy, and hence at. 7; 


Us = €g = Ax + = (x + 
and in the aeolotropic material at nr, 
or, combining the last two boundary conditions, they reduce to 
atr 


a2d, = Gacol 


Now, applying these boundary conditions 
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Fic. 6 Srresses in Disk UNprR UnirorM RapIAL PRESSURE 
Disk with hole, =¢ = 0.10 
— — — Uncorrected solution for solid disk 
. — — — Disk with i: otropic core x = 0.10 


Upper curves = og, lower curves = o . 
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The expression for ¢, gives the radial stress throughout the 
ring of aeolotropic material, and its value at r = r; is the value of 
the hydrostatic stress throughout the core. Term og gives the 
tangential stress at any point in the aeolotropic material. The 
stress distributions for a disk with r; = 0.10 rz are plotted in Fig. 
6. The following stresses are plotted: (1) Those given by the 
uncorrected theory; (2) those for the plate with an isotropic 
core with the foregoing elastic constants; (3) those for the case 
where there is a free boundary at m. @ is taken as 2.0. 


Tue Hyprostatic-Stress 
The hydrostatic-stress distribution, given by @ = —Pr?/2, 
where P is the pressure, is only possible in plates where no closed 
path through the material encloses the origin. A displacement, 
discontinuous at 6 = 2x, of value, v = a,,P(a? — 1)r0, arises 
from this distribution, making the previous condition necessary. 


Tue Curvep Beam Wiru Coupes APPLIED AT THE ENDS 


A third solution, that of the curved beam bent by end couples, 
is also derivable from those terms of ¢, which are independent of 
6. This solution uses all three such terms and the boundary condi- 
tions 


or =O atr =r, andatr =r: 


rs 
/ 768 dr = 0 and jf oer dr = M 
ri ry 


where M is the couple per unit thickness of the ring. 


The stresses are found to be 
(a+1) r 
€ ) ale }) 
2 


2M « 


Using Equations [1] and [3], the displacement v is found to be 
given by 


or, the couple required to close a ring, initially occupying a 
angle (2% — 8), is 


BNr? 


Sra, (a? 1) 
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Fic. 7 Maximum Stress (a9 at r = 71) IN CURVED BgEaM LoaDED 
Enp Coupes; = !/2 
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A graph showing the slow variation of stress with increase in 
a is plotted in Fig. 7. 


Tue Roratina Disk 


The stresses in the rotating disk are not derivable from the 
stress function developed here, since body forces are involved. 
The stress-function method might be used, but the solution is as 
easily obtained in the following manner: 

The right-hand side of Equation [2a] is replaced by the body 
force term pw*r?, and the resulting equation is combined with re- 
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Fic. 8 DispLaceEMENTS IN RotTaTING Disk 
Curve (a) uatr = rm p = 0.30 
Curve (6) uatr =r. p = 0.50 
Curve (¢) uatr=ri p = 0.30 


Fig. 9 Stresses in Rotating Disk 
Curve (a) og atr = 


Curve o,atr=nr 
Curve (c) 10er at r = 0.707r2 


lations, Equations [1] and [5], noting that symmetry makes v = 
0. The following differential equation is obtained 


— dr? dr 


Applying the boundary conditions ¢, = 0 at r, and at rz, to 
the solution of this equation, u becomes 


a—p 


Applying Equations [1] again, the stresses are obtained as 


Or 3+ p (: 2 1— te (" 
a? — 9 1 T2 
oo 
pw rs? a?—9 3 + T2 ™ 1— 


In Figs. 8 and 9, the effect of @ on o,, og, and u, is plotted fora 
ring for which e€ = 1/2 


NONSYMMETRICAL SOLUTIONS 
The problem solved by the terms of Equation [7] 
@ = (Ar'**! + Br + + Dr Inr) sin 


is either of the following dislocation problems: That of a ring 
cut, loaded, and displaced, as shown in Fig. 10(a), or that of a ring 
cut as in Fig. 10(b), followed by bringing the ends together and 
welding in this position. 

The stresses are found to be 


r2 


Kiva 
Pk 
= 4] (Ai + 1) — (hy — (2) 
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and, for s, as defined in Figs. 10(@) and 10(0) 
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where P is as shown in Fig. 10(a), or is the force required to close 
the ring in Fig. 10(6). 


Force APPLIED AT VERTEX OF A WEDGE 


The stress function and hence also the stresses corresponding 
to the application of forces to the vertex of a wedge are identical 
with those of the isotropic case, namely 


@ = Arésiné@ for loading A in Fig. 11 
and 
@ = Arécosé@ for loading B in Fig. 11 
A 


Fic. 11 ALTERNATIVE WEDGE LOADINGS 


In each case, o9 = 7,9 = 0 and o, = (2A/r) cos 6, or o, = 
(—2A/r) sin 6, respectively, where F, the applied force per unit 
thickness, is equal to 


F = (2& + sin 2&)A 


Note that the solution requires the vertex of the wedge to 
coincide with the axis of symmetry of the material. This solu- 
tion may be extended to solve the problem of the infinite plate 
with a concentrated force acting at an interior point (again at 
the axis of symmetry), by adding an additional term to the 
stress function corresponding to loading A, of the form 


¢: = Dr lin r cos 6 


D is evaluated to be such that the discontinuous terms of the dis- 
placement v vanishes. The stress function and stresses become 


2(1 — ep) 


@ = (Fr/2r)(@ sin 6 


In r cos 6) 
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rr e+ 2b+ 1 
where F again is the applied force per inch of thickness. 
CoupLeE APPLIED TO THE VERTEX OF A WEDGE 


The stresses induced in a wedge with a couple applied at the 
vertex are found from the stress function 


= —K’'M (sin — 6q cos gé) 


and the stresses become 


o, = (MK’‘q?/r?) sin 
og = 0 
= (MK’'q/r?) cos 


where ¢ is again the half angle of the wedge, and M is the applied 
couple per unit thickness. 


Wirs Arsirrary Bounpary Loaps 


The values of the stresses in a ring with arbitrary load distri- 
butions along the circular edges may be found as follows: Ex- 
pand the boundary loads in Fourier series. Apply Equations [4] 
to those terms of ¢ which are trigonometric functions in @._ Evalu- 
ate the coefficients of the terms of the series thus formed, at the 
boundaries. Equate these coefficients, term by term, to the cor- 
responding Fourier coefficients of the corresponding boundary 
load expansions, and evaluate the arbitrary constants in the 
former. 

The convergence of the series, respresenting the stress at some 
point will depend upon the load distribution and the location of 
the point. In evaluating stresses at points near the application 
of concentrated forces, or near discontinuities in the loading, the 
procedure will, in general, be tedious. 
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A Table of Thermodynamic Properties 
of Air 


By JOSEPH H. KEENAN! ano JOSEPH KAYE,? CAMBRIDGE, MASS. 


Over the range of conditions for which the equation 
pu = RT represents satisfactorily the p-v-T relation, a table 
having a single argument, the temperature, serves all the 
purposes which are served by vapor tables (steam tables, 
ammonia tables, etc.) having two arguments. A table of 
this sort with intervals small enough for linear interpola- 
tion is presented for dry air. Data from this table are 
compared with corresponding values from the tables of 
Sage and Lacey. The use of the table is illustrated with 
examples of the calculation of processes involved in air 
compressors, nozzles, internal-combustion engines, and 
gas turbines. 


work through the processes of combustion has served to 
emphasize the importance of air as an engineering fluid. 
In the gas turbine, air is compressed, it is mixed with fuel and 
combined chemically with it, and the products are expanded 
through a turbine. A working table of the properties of air serves 
not only in calculations relative to the compressor, but also in 
calculations relative to the turbine. In the compressor the fluid 
is air; in the turbine the fluid approximates air in the relationship 
between its properties. Therefore, any table of properties which 
proves useful in conventional calculations for air compressors, air 
tools, fans, and superchargers will aid greatly in the study of 
processes involving combustion. 
By virtue of a low critical temperature the equation of state 
of air over the range of these engineering applications can be 
accurately represented by the relation 


\ Y IGOROUS engineering development in the production of 


where p denotes the pressure, v the specific volume, R the gas 
constant, and 7’ the absolute thermodynamic temperature. The 
magnitude of the deviation of Equation [1] from the true equa- 
tion of state at 32 F is of the order of 1 per cent at 300 psi, and 
0.1 per cent at atmospheric pressure. At higher temperatures the 
error is smaller. 

Equation [1] leads to a great simplification of the presentation 
of the properties useful in engineering as compared with the tables 
and charts necessary to an adequate statement of the properties 
of a vapor. 

It may be shown from Equation [1] that the internal energy 
and the enthalpy are functions of temperature only (1). There- 
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fore complete presentation of these quantities will consist of a 
table with a single argument, the temperature. 

The entropy, on the other hand, proves to be a function of 
pressure and temperature, so that an equally simple presentation 
is not possible. Tabulations of entropy serve primarily in the 
selection of states of equal entropy, that is, in identifying states 
along an isentropic. However, there is no necessity for this selec- 
tion, because for a substance conforming to Equation [1] the 
ratio of the pressures corresponding to a given pair of tempera- 
tures is the same for all isentropics and the ratio of the volumes 
is the same for all. This may be proved as follows: 

For a homogeneous system in the absence of gravity, elec- 
tricity, capillarity, magnetism, and chemical change, we may 
write 

Tds = dh — vdp 


where s denotes the entropy, h the enthalpy, v the specific volume 
—all for unit mass—and p the pressure. Since h is a function of 
T only, we have 


where c, denotes the specific heat at constant pressure. 
For an infinitesimal step in an isentropic process we have 


0 = c,dT — vdp 
and upon substituting from Equation [1] and transposing 


The specific heat, like the enthalpy, is a function of temperature 
only. Therefore we get upon integrating between temperatures 


T, and T 
1 a 
In- 


When a base temperature 7’) is selected, the ratio P becomes a 
Po 
single function of the temperature 7 regardless of the value of the 
entropy. 
The corresponding volume ratio is also a single function of the 
temperature 7 and is given by 


Solving Equation [2] for ds and substituting from Equation 
[1] we get 
dp 


c 
ds = — 
R 


The entropy s at any state reckoned from an arbitrary zero at To 
and unit pressure is then 


2aT—Rinp = ¢—Rinp [5] 


To 
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in which % 


05355 
05594 
05831 
06065 
06297 
06527 
06754 
06979 
07202 
.07424 
07644 
07862 
.08077 
08290 
.08502 
08712 
08920 
09126 
09331 
09534 
09735 
09935 
10133 
10329 
10524 
10718 
10910 
11101 
11290 
11478 
11664 
11849 
12032 
12214 
12395 
12574 
2752 
12929 
13105 
13280 
13453 
13625 
13796 
13966 
14134 
. 14301 
14468 
14634 
14799 
14962 
15124 
15285 
15445 
15604 
15762 
15920 
16077 
16232 
16386 
16540 
16693 
16844 
16995 
17145 
17295 
17444 
17591 
17737 
17883 
18028 
18172 
18316 
18459 
18601 
18742 
18883 
19023 
19162 
19300 
19438 
19575 
19711 
19847 
19986 
20112 
20250 
20383 
20515 
20647 
20778 
20909 
21039 
21168 
21297 
21425 
21552 
21679 
21805 
21931 
22056 


The change in entropy between states 1 and 2 is then 


Pi 


Table 1 gives for temperatures between 300 and 5400 F abs the 
magnitudes of enthalpy, internal energy, relative pressure, rela- 
tive volume, and ¢ for dry air. The zero of enthalpy is arbi- 
trarily fixed at a temperature of 400 F abs. The internal energy 
and the enthalpy are related, in accordance with the usual defini- 
tion, through the equation 


h=u+RT 


The relative pressure is the value of p/po from Equation [3] for a 
base temperature 7) of 400 F abs. The relative volume is the 
value of 10,000 v/to, as obtained through Equation [4] for the 
same base temperature. The quantity ¢ is defined by Equation 
[6] with 7’) having the same value as for the relative pressure. 
The intervals of temperature are in general small enough to per- 
mit one to obtain accurate values by linear interpolation. 


TABLE 1 PROPERTIES OF DRY AIR 


The ratio of the pressures pg and __iIn the foregoing: 
pp corresponding to the tempera- T = temperature, deg F abs 
tures J, and 7», respectively, hk = enthalpy per unit mass, 
along a given isentropic is equal Btu per lb 
to the ratio of the relative pres- internal energy per unit 
SUreS Pra and p,p as tabulated for mass, Btu per Ib 
T, and T, respectively. Thus relative pressure 

Pa _ Pra relative volume 

Pe/s = constant Prb pressure 
Similarly specific volume 

Ve entropy per unit mass, 
a = — 

0.068544 In 
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= 


or 
20537 —0 .06904 


7 
T 500 24.00 —10.27 1845 5722 10 
Cy 505 25.20 — 9.41 262 5582 10 
= 510 26.40 — 8.55 342 5446 10: 
515 27.60 —7.70 423 5315 10: 
520 28.80 — 6.84 506 5188 10: 
625 30.00 — 5.98 592-5005 10 
530 31.20 — 5.12 679 4946 101 
535 32.41 — 4.27 768 4831 10' 
540 33.61 — 3.41 860 4720 10! 
Hl 550 36.01 — 1.69 050 4508 11 
555 37.21 — 0.83 148 4407 11 
560 38.41 0.03 249 4309 11: 
565 39.61 0.89 352 4214 11. 
570 40.82 1.74 457 4122 11) 
575 42.02 2.60 564 4033 11 
580 43.22 3.46 674 3946 11 
585 44.42 4.32 787 3862 11 
590 45.62 5.18 902 3780 11 
595 46.83 6.04 019 3701 11! 
600 48.03 6.90 139 3624 12 
605 49.23 7.76 261 3550 12 
610 50.44 8.62 386 3477 12: 
SY 615 51.64 9.48 514 3406 12: 
620 52.84 10.34 644 3338 12: 
625 54.05 11.20 777 3271 12. 
630 55.26 12.06 913 3206 12 
635 56.46 12.92 051 3143 12' 
640 57.66 13.79 192 3082 12! 
645 58.86 14.65 336 3022 12! 
650 60.07 15.51 483 2964 131 
655 61.28 16.37 633 2907 13) 
660 62.48 17.23 786 2852 13: 
665 63.69 18.10 941 2798 13. 
670 64.89 18.97 100 2746 13: 
675 66.10 19.83 262 2695 13. 
680 67.31 20.70 427 2645 13¢ 
685 68.52 21.57 595 2596 13° 
695 70.93 23.29 941 2503 13! 
700 72.14 24.16 119 2458 14 
705 73.35 25.02 301 2415 14) 
710 74.56 25.89 485 2372 14: 
715 75.77 26.76 672 2330 14 
720 76.98 27.63 863 2289 14: 
725 78.19 28.50 057 2250 14 
730 79.40 29.36 255 2211 14 
735 80.61 30.23 457 2173 147 
740 81.82 31.10 662 2136 14! 
745 83.04 31.97 871 2099 14 
750 84.25 32.84 084 2064 15 
755 85.46 33.71 300 2030 15) 
760 86.68 34.58 520 1995 15: 
765 87.89 35.45 744 15: 
770 89.10 36.33 972 1930 15: 
775 90.31 37.20 10.204 1898 15: 
780 91.53 38.07 10.439 1868 15 
785 92.75 38.95 10.678 1837 15% 
790 93.97 39.82 10.921 1808 15! 
h u Pr 795 95.18 40.69 11.169 1779 15s 
300 —24.00 —44.56 800 96.40 41.57 11.421 1751 16( 
305 —22.80 —43.70 06507 805 97 .62 42.45 11.676 1723 16! 
310 —21.60 —42.85 06117 810 98.84 43.32 11.936 1696) 16: 
315 —20.40 —41.99 05733 815 100.06 44.20 12.200 1670 16; 
320 —19.20 —41.13 05355 820 101.28 45.08 12.469 1644 16: 
325 —18.00 —40.28 04983 825 102.50 45.95 12.742 1618 16: 
330 —16.80 —39.42 04617 830 103.72 46.83 13.019 1593 16¢ 
335 —15.60 —38.56 04256 835 104.94 47.71 13.301 1569 16% 
340 —14.40 —37.70 03900 840 106.16 48.59 13.587 1545 168 
345 —13.20 —36.85 03550 845 107.39 49.47 13.878 1522 16% 
350 —12.00 —35.99 03205 850 108.61 50.35 14.173 1499 17 
355 —10.80 —35.13 02865 855 109.83 51.23 14.473 1476 17: 
360 — 9.60 —34.28 02529 860 111.05 52.11 14.778 1454 174 
365 — 8.40  —33.42 02198 865 112.28 53.00 15.088 1433 4, 
370 —7.20 —32.56 01871 870 113.51 53.88 15.402 1412 17s 
375 — 6.00 —31.71 01549 875 114.74 54.76 15.721 1391 18( 
380 — 4.80 —30.85 01231 880 115.96 55.65 16.045 1371 Is: 
385 — 3.60 —29.99 00918 885 117.19 56.54 * 16.374 1351 18: 
390 —240 —29.13 00608 890 118.42 57.42 16.708 1331 ++ 
395 — 1.20 —28.28 00302 895 119.65 58.30 17.047 1312 3 18! 
400 0 —27.42 900 120.88 59.19 17.391 1293 19 
405 1.20 —26.56 00293 905 132.11 60.08 17.740 1275 +4 
410 2.40 —25.70 00593 910 123.34 60.97 18.095 1257 ‘Hs 
415 3.60 —24.85 00884 915 124.57 61.86 18.455 1239 + 
420 4.80 —23.99 01171 920 125.80 62.75 18.820 1222 a 
425 6.00 —23.13 01455 925 127.04 63.64 19.191 1205 on 
430 7.20 —22.27 01736 930 128.27 64.53 19.567 1188 Fs 
435 8.40 —21.41 02014 935 129.50 65.42 19.949 1171 Fae 
440 9.60 —20.56 02288 940 130.73 66.31 20.336 1155 30s 
445 10.80 —19.70 02559 945 131.97 67.21 20.728 1139 _ 
450 12.00 —18.84 02827 950 133.21 68.10 21.126 1124 on 
455 13.20 —17.98 03092 955 134.45 68.99 21.530 1108 21: 
460 14.40 —17.13 03354 960 135.69 69.89 21.940 1093 a1 
465 15.60 —16.27 03613 965 136.93 70.79 22.356 1079 215 
470 16.80 —15.41 03870 970 138.17 71.68 22.778 1064 
475 18.00 —14.56 04124 975 139.41 72.58 23.205 1050 ¢ = 
480 19.20 —13.70 04376 980 140.65 73.48 23.639 1036 29: 
485 20.40 —12.84 04625 985 141.89 74.38 24.079 1022 f 20 
490 21.60 —11.98 04871 990 143.13 75.28 24.525 1009 225 
495 22.80 —11.13 05114 995 144.38 76.18 24.977 a 
$ 


+3 


3 
5 
6 
6 
4 
1 
4 
9 
2 
4 
5 
5 
4 
2 


4 


T 


1000 
1010 
1020 
1030 
1040 


1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1626 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1720 
1740 
1760 
1780 
1800 
IS20 
1840 
1860 
1880 
1900 
1920 
1940 
1960 
1980 
2000 
2020 
2040 
2060 
2080 
2100 


KEENAN, KAYE—TABLE OF THERMODYNAMIC PROPERTIES OF AIR 


u Pr vr 
77.08 25.44 982.9 0.22181 
78.88 26.37 957.4 0.22429 
80.69 27 .33 932.9 0.22675 
82.50 28.32 909 .2 0.22919 
84.31 29.34 886.2 0.23160 
86.13 30.38 864.0 0.23399 
87.95 31.45 842.6 0.23636 
89.77 32.55 821.8 0.23871 
91.59 33.68 801.7 0.24105 
93.42 34.84 782.2 0.24337 
95.25 36.02 763.4 0.24567 
97 .08 37.24 745.1 0.24795 
98.92 38.49 727.4 0.25021 
100.76 39.77 710.2 0.25245 
102.60 41.09 693.6 0.25468 
104.45 42.44 677.5 0.25689 

106.30 43.82 661.9 0.25909 
108.15 45.23 646.7 0.26127 
110.01 46.68 631.9 0.26343 
111.87 48.17 617.6 0.26558 
113.73 49.69 603.8 0.26771 
115.60 51.25 590.3 0.26983 
117.47 52.85 0.27193 
119.34 54.48 564.5 0.27402 
121.21 56.15 552.1 0.27609 
123.09 57.86 540.1 0.27815 
124.97 59.61 528.4 0.28019 
126.86 61.40 517.0 0.28222 
128.75 63.24 506.0 0.28424 
130.64 65.12 495.3 0.28625 
132.53 67.04 484.8 0.28824 
134.43 69.00 474.6 0.29022 
136 .33 71.01 464.7 0.29219 
138.23 73.06 455.1 0.29414 
140.13 75.16 445.7 0.29608 
142.04 77.31 436.5 0.29801 
143.95 79.51 427.6 0.29993 
145.87 81.75 418.9 0.30184 
147.79 84.04 410.5 0.30373 
149.71 86.38 402.3 0.30561 
151.64 88.77 394.3 0.30748 
153.57 91.21 386.5 0.30934 
155.50 93.71 378.9 0.31119 
157.44 96.26 371.5 0.31303 
159.38 98.86 364.2 0.31486 
161.32 101.52 357.1 0.31668 
163.26 104.23 350.2 0.31849 
165.21 107.00 343.5 0.32029 
167.16 109.83 336.9 0.32207 
169.11 112.71 330.5 0.32385 
171.07 115.66 324.2 0.32562 
173.03 118.66 318.1 0.32738 
174.99 121.72 312.2 0.32913 
176.96 124.85 306.4 0.33087 
178.93 128.04 300.7 0.33260 
180.90 131.29 295.1 0.33432 
182.88 134.61 289.7 0.33603 
184.86 137.99 284.4 0.3377: 
186.84 141.44 279.2 0.33942 
188.82 144.96 274.2 0.34110 
190.81 148.55 269.3 0.34278 
192.80 152.21 264.4 0.34445 
194.79 155.93 259.7 0.34611 
196.78 159.72 255.1 0.34776 
198.78 163.59 250.6 0.34940 
200.78 167.54 246.2 0.35103 
202.78 171.56 241.9 0.35265 
204.79 175.66 237 .7 0.35427 
206 . 80 179.83 233.6 0.35588 
208.81 184.08 229.5 0.35748 
210.82 188.4 225.57 0.35907 
214.86 197.3 217.94 0 
218.90 206.5 210.63 0.3 
22.96 216.1 203.62 0.3 

227 .03 226.0 196.90 0. 
231.11 236.3 190.46 0.37458 
235.20 246.9 184.29 0.37760 
239.30 257.9 178.37 0.38059 
243.41 269.3 172.68 0.38355 
247.52 281.1 167.22 0.38648 
251.65 293.3 161.97 0.38939 
255.79 305.9 156.93 0.39228 
259.93 318.9 152.09 0.39514 
264.09 332.3 147.44 0.39797 
268 . 26 346.2 142.96 0.40078 
272.43 360.6 138.65 0.40357 
276.61 375.5 134.50 0.40633 
280.80 390.8 130.51 0.40907 
285.00 406.6 126.67 0.41179 
289.21 422.9 122.97 0.41449 
293.43 439.7 119.40 0.41716 
297 .66 457.1 115.96 0.41981 
301.89 475.0 112.65 0.42244 
306.13 493.4 109.46 0.42505 
310.38 512.4 106.38 0.42764 
314.64 532.0 103.40 0.43021 
318.90 552.1 100.53 0.43276 
323.17 572.8 97.76 0.43529 
327.45 594.2 95.08 0.43780 
331.73 616.2 92.49 0.44029 


3900 
3920 
3940 
3960 
3980 


4000 


1053.98 
1060.04 
1066.11 
1072.18 
1078.25 


0.45007 
0.45247 


0.45485 
0.45722 
0.45957 
0.46190 
0.46422 


0.46652 
0.46880 
0.47107 
0.47333 
0.47557 


0.47779 


0.49924 
0.50131 
0.50337 
0.50541 
0.50744 


0.50946 
0.51147 
0.51347 
0.51545 
0.51742 


0.51938 


0.52901 
0.53090 
0.53279 
0.53466 
0.53652 


0.53837 


0.54747 
0.54926 
0.55104 
0.55281 

0.55457 
0.55632 
0.55806 
0.55979 
0.56151 

0.56323 
0.56494 
0.56664 
0.56833 
0.57001 

0.57168 
0.57335 
0.57501 

0.57666 
0.57830 
0.57993 
0.58155 
0.58317 
0.58478 
0.58638 
0.58797 
0.58955 
0.59113 
0.59270 
0.59426 
0.59582 
0.59737 


0.60500 
0.60651 
0.60801 
0.60950 
0.61098 


0.61246 
0.61393 
0.61540 
0.61686 
0.61831 


0.61976 
0.62120 
0.62263 
Q.62466 
0.62548 


= A-125 
55 145.62 2300 493 .67 336.02 638.9 90.00 0.44276 
94 148.11 2320 499.34 340.32 662.2 87.59 0.44521 
31 150.60 2340 505.02 344.62 686.1 85.26 0.44765 
65 153.10 2360 510.70 348.93 710.7 83.01 | | 
7 155.60 2380 516.39 353.25 736.1 80.83 
27 158.10 2400 522.09 357.58 762.2 78.72 
54 160.60 2420 527.79 361.92 788.9 76.69 
79 163.11 2440 533.50 366. 26 816.4 74.72 
2 165.62 2460 539.22 370.60 844.7 72.81 
>4 , 168.13 2480 544.94 374.95 873.8 70.96 
14 170.65 2500 550.67 379.31 903 .6 69.17 
52 173.17 2520 556.41 383 .67 934.2 67.44 
77 175.69 2540 562.15 388.04 965.6 65.76 
i) 178.22 2560 567 .90 392.42 997.9 64.13 
2 180.75 2580 573.65 396.80 1031.0 62.55 
12 183.28 2600 579.41 401.19 1065.0 61.03 | 
0) 185.81 2620 585.17 405.58 1099.8 59.55 0.48000 
6 188.35 2640 590.94 409.98 1135.6 58.11 0.48219 
3] 190 89 2660 596.72 414.38 1172.3 56.72 0.48437 
4 193.43 2680 602.50 418.79 1210.0 55.37 0.48654 
5 195.98 2700 608.28 423.21 1248.6 54.06 0.48869 
35 198.53 2720 614.07 427 .63 1288.1 52.79 0.49083 
33 201.08 2740 619.87 432.06 1328.6 51.56 0.49295 
203.64 2760 625.67 436.49 1370.1 50.36 0.49506 
D4 206.20 2780 631.48 440.92 1412.7 49.19 0.49716 
208.76 2800 637.29 445.36 1456.3 48.06 
0) 211.33 2820 643.11 449.81 1500.9 46.97 
] 213.90 2840 648 .93 454.26 1546.6 45.90 
216.47 2860 654.75 458.72 1593.5 44.86 
“1 219.05 2880 660.58 463.18 1641.5 43.86 
4 221.63 2900 666.42 467 .65 1690.6 42.88 
‘9 224.21 2920 672.26 472.12 1740.8 41.93 
9 226.80 2940 678.11 476.60 1792.2 41.01 
4 229.39 2960 683 . 96 481.08 1844.8 40.11 
5 231.98 2980 689 .82 485.56 1898.7 39.24 
4 234.58 3000 695.68 490.05 1954 38.39 ; 
2 237 .18 3020 701.54 494.54 2010 37.56 0.52133 
9 239.78 3040 707.41 499.04 2068 36.75 0.52327 
5 242.39 3060 713.28 503.54 2127 35.97 0.52520 
0 245.00 3080 719.16 508.05 2187 35.21 0.52711 
247.61 3100 725.04 512.56 2249 34.47 
250.22 3120 730.92 517.07 2312 33.75 
252.84 3140 736.81 521.59 2376 33.04 
255.46 3160 742.71 526.11 2442 32.35 
258.08 3180 748.61 530.64 2509 31.69 
260.71 3200 754.51 535.17 2577 31.04 Pe 
263.34 3220 760.42 539.71 2647 30.41 0.54021 
265.97 3240 766.33 544.25 2719 29.79 0.54204 
268.61 3260 772.25 548.79 2792 29.19 0.54386 
271.25 3280 778.17 553.34 2867 28.60 0.54567 
273.89 3300 784.09 557.89 2943 28.03 
276.54 3320 790.02 562.44 3021 27.47 
279.19 3340 795.95 567.00 3101 26.93 
281.84 3360 801.88 571.56 3182 26.40 
284.49 3380 807.81 576.13 3265 25.88 
1 287.15 3400 813.75 580.70 3350 25.38 
289.81 3420 819.69 585.27 3436 24.89 
292.47 3440 825.64 589.85 3524 24.41 
295.14 3460 831.59 594.43 3614 23.94 
297.81 3480 837.54 599.01 3705 23.48 
300.48 3500 843.50 603.60 3798 23.03 
303.15 3520 849.46 608.19 3894 22.60 
305.83 3540 855.43 612.78 3991 22.18 
308.51 3560 861.40 617.38 4090 21.77 
311.19 3580 867 .37 621.98 4191 21.36 
313.88 3600 873.34 626.59 4294 20.96 
316.57 3620 879.32 631.20 4399 20.57 
319.26 3640 885.30 635.81 4506 20.19 
321.95 3660 891.28 640.42 4615 19.825 
324.65 3680 897.27 645.03 4726 19.464 
327 .35 3700 903 . 26 649.65 4840 19.112 
332.75 3720 909.25 654.27 4956 18.768 
338.16 3740 915.25 658.90 5073 18.431 
343.59 3760 921.25 663.53 5192 18.102 
349.03 3780 927.25 668.16 5314 17.780 
354.48 3800 933.26 672.80 5439 17.466 
359.94 3820 939.27 677.44 5565 17.159 
365.41 3840 945.28 682.08 5694 16.858 
370.89 3860 951.30 686.72 5825 16.564 
1 376.38 3880 957 .32 691.37 5959 16.276 
381.88 963 .34 696.02 6095 15.994 
387.39 969 .36 700 . 67 6234 15.719 0.59891 
392.91 975.39 705.33 6375 15.450 0.60044 
398.44 981.42 709.99 6518 15.187 0.60197 
403 .97 987.45 714.65 6664 14.929 0.60349 
409.51 iz 993.48 719.31 6813 14.676 
415.07 4020 999 .52 723.98 6965 14.429 
420.64 4040 1005.56 728.65 7119 14.187 
426.21 4060 1011.60 733.32 7276 13.950 
431.79 4080 1017.65 737.99 7435 13.718 ; 
437.38 4100 1023.70 742.67 7597 13.491 
2120 442.98 4120 1029.75 747.35 7762 13.269 
2140 448 58 4140 1035.80 752.03 7929 13.051 
2160 454.19 4160 1041.86 756.71 8100 12.838 
; 2180 459.81 4180 1047.92 761.40 8274 12.629 
: 2200 465.43 4200 766.09 8450 12.425 
2220 471.06 4220 770.78 8629 12.225 
: 2240 476.70 4240 775.48 8811 12.029 
‘ 2260 482.35 4260 780.18 8997 11.836 
2280 488.01 4280 784.88 9186 11.647 
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Basic Data 
In evaluating Equations [3] and [4] the following data were 
employed: 


Universal gas constant... 1545.4 ft-lb per lb-mol F 


Molecular weight of dry 


.0.068544 Btu per lb F, 53.345 ft-lb per lb F 
1 Btu = 778.26 ft-lb 

The value for the universal gas constant is given by Keenan and 

Keyes (2), that for the molecular weight by R. C. H. Heck (3), 

and that for the conversion factor by the International Steam 

Tables Conference (4). 

Values of c, employed in Equations [3] and [6] were obtained 
from the data of Heck for temperatures above 600 F abs. Below 
500 F abs, the specific heat was assumed constant at a value of 
0.24 Btu per lb F. This assumption is in accord with the values 
given by Johnston for O, and Ng, as shown in Table 3, to one part 
in 300. Rounding off the values of Table 3 and fixing them at 
0.24 can readily be justified in this region. A constant value is 
convenient and yields a constant isentropic exponent, k. More- 
over, the effect of pressure in excess of zero pressure, which is to 
raise the value of the specific heat, will be particularly marked at 
these low temperatures. Between 500 and 600 F abs values 
were chosen which give continuity in first and second differences 
with the values at higher and lower temperatures. 


Gas constant for dry air. . 
Conversion factor 


CoMPARISONS 


Table 1 gives the values of the properties of air with high pre- 
cision provided that the pressure at the state in question is very 
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TABLE 2 SPECIFIC HEAT AT CONSTANT PRESSURE AND 

RATIO OF SPECIFIC HEAT AT CONSTANT PRESSURE TO 

SPECIFIC HEAT AT OF DRY AIR AT LOW 
SS 


Btu 
lb F 
.240 
.240 
.240 
.240 
. 2400 


T (F abs) 


3055 
3060 
3065 
3070 
3075 
3079 
3084 
3088 
. 3093 


a Values for temperatures above 600 F abs are from Heck (3). The 
specific heat at constant volume cy is given at low pressure by the equation 
cv = cp — 0.06854 Btu per lb F 


low. A systematic error occurs whenever its values are applied 
to states of finite pressure. In order to determine the magnitude 
of this systematic error, Table 1 must be compared with a table 
of the properties of air at finite pressures. 

It appears that only one such table of the required precision 
has been published, namely, that by Gerhart, Brunner, Mickley, 
Sage, and Lacey (5), which shall be referred to hereafter as the 
Sage and Lacey table. This table extends from 32 to 550 F and 


TABLE 3 gry tt HEAT AT CONSTANT PRESSURE FOR DRY 
AIR AT ZERO PRESSURE AND LOW TEMPERATURES 
Air 


— 


Nitrogen Oxygen Ne + O2 
Johnston (7) Johnston (6) + A@ Heck (3) Table 


90 
( 


0.2392 
0.2392 y 
0.2392 0.: 
0.2397 0.4 
0.2420 0.2421 0 
0.2459 0.2460 
a ep(Air) = 0.756 cp(N2) + 0.230 cp(Oz) + 0.014 ep(A). 
Note: The — composition of dry air, taken from. Heck (3), was 28 
—— Nz = 75.6 per cent, O2: = 23.0 per cent, A = 1.4 per cent. e 
cific heat of argon was assumed to be constant and equal to 4.962 Btu per 
rf mol F. The specific heats of nitrogen and oxygen given in the table are 
based upon spectroscopic data. 
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4300 1084.32 789.58 9378 62690 
4320 1090.39 794.29 9573 1 62831 
4340 1096.47 799.00 9771 3 62971 
$360 1102.55 803.71 972 63111 
4 1108. 8.42 10176 9 63250 ep ) 
4400 —-:1114.72 813.13 10384 92 63389 
4420 1120.81 817.84 10595 D8 63527 100 0 00 
4440 1126.89 822.56 10810 7 63664 200 0 00 
4460 1132.98 827.28 11028 9 63801 300 9 00 
4480 1139.08 832.00 11250 63937 
4500 1145.18 836.73 11475 64073 
4520 1151.28 841.46 11704 64208 600 0.2406 
4540 1157.38 846.19 11936 9 64343 700 0.2418 95 
4560 1163.48 850.92 12171 56 64477 800 0.2436 4 
4580 1169.59 855.66 12411 D5 64611 
4600 —-:1175.70 860.40 12655 87 64744 
4620. —-:1181.81 865.14 12902 64876 1100 0.2518 v4 
4640 —-:1187.92 869.88 13153 9 65008 1200 0.2549 68 
4660 1194.03 874.62 13408 9 65140 1300 0.2581 +t 
4700 1206.27 884.12 5 65401 
4720. 1212.39 888. 87 14195 2 65531 1600 0.2673 45 
4740 1218.51 893.62 14466 1 65660 1700 0.2701 £0 
4760 1224.64 898.37 14741 2 65789 1800 727 vo 
4780 1230.77 903.13 15020 65918 
4800 1236.90 907 .89 15303 1 66046 
4820 1243.03 912.65 15590 9 66174 2100 706 
4840 1249.16 917.41 15882 8 66301 2200 $15 
4860 1255.29 922.17 16178 0 66427 2300 833 19 | 
4880 1261.43 926.74 16478 66553 
4900 1267.57 931.71 16783 66679 > 
4920 1273.71 936.48 17092 66804 2600 881 12 
4940 1279.85 941.25 17405 66928 2700 S04 10 
4960 1286 .00 946.02 17723 6 67052 2800 907 08 
4980 1292.15 950.80 18046 9 67176 ref 
5000 1298.30 955.58 18373 3 67299 
5020. -:1304..45 960. 36 18705 9 67422 3100 942 o4 
5040 1310.60 965.14 19042 7 67544 3200 952 “4 | 
5060 -1316.75 969.92 19383 67666 3300 962 01 
5080 1322.91 974.71 19729 7 67788 
5100 1329.07 979.50 20081 9 67909 
5120-1335. 23 984.29 20438 b2 68029 3600 988 98 
5140 1341.39 989.08 20799 7 68149 3700 996 b 
5160 1347.55 993.88 21165 4 68269 3800 004 nn 
5180 1353.71 998.67 21537 2 68388 
5200 1359.88 1003.46 21914 2 68507 “ re 
5220 1366 .05 1008 25 22296 b3 68625 4100 025 — 
5240 1372.22 1013.05 22683 5 68743 4200 031 My 
5260 1378.39 1017.85 23075 8 6886 1 4300 037 . 
5280 1384.56 1022.65 23473 3 68978 
5300 1390.74 1027.46 23876 9 69095 
5320 1396 .92 1032.27 24285 6 69211 4600 ss 
5340 1403.10 1037 .08 24699 69327 4700 
5360 1409.28 1041.89 25119 4 69443 4800 Key 
5389 1415.46 1046.70 25544 5 69558 4900 rd 
5400 1421.65 1051.51 25975 7 69673 5000 
5100 86 
5200 86 
5300 85 
5400 85 
5500 85 
air 


= 


n 
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TABLE 4 COMPARISON OF TWO ISENTROPICS CALCU ree! 
FROM TABLE 1 WITH THOSE OF SAGE AND LACEY (5) 


(Btu per lb) 


-———T (F abs)-——~ —A (Btu per lb)—~ SandL Tablel 

p (psi) SandL_ Tablel SandL_ Tablel (havo — hp) 

400 1009.7 1009.7 125.77 148.04 0 0 
197.97 829.7 830.3 81.26 103.79 44.51 44.25 
114.0 709.7 710.6 52.08 74.71 73.69 73.33 
31.53 491.7 492.8 —0.25 22.27 126.02 125.77 

(has0o — hp) 

3500 1009.7 1009.7 125.74 0 0 
1747 829.7 832.3 78.88 46.86 43.76 
1014.8 709.7 714.1 49.31 76.43 

286.1 491.7 497.9 —2.28 128.02 124. 


from 0 to 3500 psia. In contrast with Table 1 which shows a 
single value of the enthalpy at each value of the temperature, the 
Sage and Lacey table shows a change of enthalpy of 19.39 Btu per 
lb at 32 F and 0.33 Btu per lb at 550 F between 0 and 3500 psia. 
For isentropic processes, however, these differences between 
the two tables are unimportant except at high pressures. Table 4 
compares Table 1 with the Sage and Lacey table along an isen- 
tropic passing through 400 psia and 550 F and along another 
passing through 3500 psia and 550 F. 
(selected for convenience in interpolation in the Sage and Lacey 
table) the temperatures, enthalpies, and changes in enthalpy as 
obtained from the two tables are compared. The major part of 
the difference between corresponding enthalpies from the two 


At certain pressures 


tables results from a difference in convention regarding the zero of 
enthalpy, Table i having the zero at 400 F abs, the Sage and 
Lacey Table at 32 F. 

Along the isentropic extending between 400 and 31.53 psia, 
corresponding temperatures from the two tables differ by one 
degree or less and isentropic enthalpy drops differ by only a frac- 
tion of 1 per cent. These differences decrease with decrease in 
the pressure selected at 550 F. It may be safely concluded, 
therefore, that the characteristics of the isentropic as given by 
Table 1 are suitable for precise work even to pressures in the 
hundreds of pounds per square inch. The other half of Table 4 
shows the inaccuracies of an isentropic from Table 1, when the 
pressures are in the thousands of pounds per square inch. For 
certain rough calculations these inaccuracies are not excessive. 

Another means of exhibiting the precision of Table 1 is pre- 
sented in Table 5 which compares entropies calculated from 
Table 1 and from the Sage and Lacey Table. Below 500 psi the 
differences are negligible except, perhaps, at low temperatures. 
At high temperatures Table 1 gives satisfactory values at 1000 
psi or more, 

Example 1. Compression of Air in Steady Flow. Air at a pres- 
sure of 1 atm and a temperature of 520 F abs is compressed in 
steady flow to a pressure of 6atm. Find the work of compression 
and the temperature after compression for (a) 100 per cent 
efficiency of compression and (b) 60 per cent efficiency of com- 
pression. The efficiency of compression is here defined as the 
ratio of the actual work of compression to the isentropic work of 
compression. 

Solution: 

(a) From Table 1 we get for 7; = 520 F abs 

pu = 2.506, hi = 28.80 Btu per lb 


where subscript 1 refers to the state at the compressor inlet. To 
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determine the properties at the compressor outlet for isentropic 
compression we compute the relative pressure there 
6 
Pa= 2.506 = 15.036 
Entering Table 1 with this value of p, we find for hy, and Ty, 
the enthalpy and temperature at the compressor outlet for isen- 
tropic compression 


he, = 112.07 Btu per lb, T., = 864.16 F abs 


The work of compression for 100 per cent efficiency is then 
he, — hi = 83.27 Btu per lb 


(b) Since the efficiency of compression 7 is defined by the 
equation, 7 = work per lb/(h2. — hi), we have for 60 per cent 
efficiency 


83.2 
work per lb = = 


= 138.79 Bt lb 


For the enthalpy at state 2, we have 


hy = 28.80 + 138.79 = 167.59 Btu per lb 


Entering Table 1 with this value of the enthalpy we get for the 
temperature at the compressor outlet 


T:; = 1087.8 F abs 


(The value of p,2 is irrelevant because the process is not isen- 
tropic.) i 

If in this problem thf: definition of the efficiency is altered 
to be the ratio of the a@fual work of compression to the reversible 
isothermal work of compression, Table 1 is not necessary to the 
solution. For it is fradily shown that the work of reversible 
isothermal compressigh in steady flow is given by 


RT In 
Pr 

provided only that: 
pov = RT 


Example 2. E.cpansion of Air Through a Nozzle in Steady Flow. 
A steady stream of air enters a nozzle at a velocity of 200 fps at a 
pressure of 10 atm and a temperature of 1500 F abs and leaves 
at a pressure of 1 atm. Find for reversible adiabatic expansion 
through the nozzle, the velocity at exit and the ratio of exit area 
to inlet area. 

Solution: 

Using the notation of example 1 and denoting the inlet and out- 
let by subscripts 1 and 2, respectively, we have 
1500 Fabs, pa = 115.66, h,; = 273.89 Btu per lb 
pro = 115.66 XK 1/10 = 11.566 
T2 = 802.84 F abs, Ae = 97.09 Btu per lb 


| 


“——* = hy — hoe = 176.80 X 778.3 ft-lb per Ib 


TABLE 5 COMPARISON OF ENTROPIES CALCULATED FROM TABLE 1 WITH 
THOSE OF SAGE AND LACEY (5)¢ 


—————_ 190 F 550 F 
SandL Table A SandL Tablel A SandL Table 1 A 
25 0.9635 0.9634 +0.0001 1.031 1.0310 ........ 
100 0.8675 0.8686 —0.0011 0.9351 0.9356 —0.0005 1.043 1.0433 


200 0.8187 0.8211 0.0024 0.8870 
500 0.7520 0.7583 —-0.0063 0.8222 
1000 =0.6980 0.7107 0.0125 0.7715 
3500 0.5897 0.6249 -——-0.0352 0.6721 


8881 —0.0011 0.9955 0.9958 —0.0003 
8253 —0.0031 0.9320 0.9329 —0.0009 
—0.0062 0.8834 0.8854 —0.0020 
—0.0198 0.7930 0.7995 —0.0065 


a For both sets of values the entropy is 1 at 1 atm and 32 F, 


{ 
13 
e 
i 
e 
e 
i] 
4 
j 
~ Vs [7.2 
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V2 = 2982 fps 
From continuity 


_ 1785.7 
324.2 


200 
2982 0.3591 

An alternative method consists of computing and v, from 
RT;/p; and RT2/p2, respectively, and substituting these into the 
first expression just given for a2/a,. 

Example 3. Change in Entropy. Find the increase in the 
entropy of each pound of air in example 1(b). 


Solution: 
T; = 520 F abs, p, = 1 atm 


= 1087.8 F abs, p. = 6 atm 


Rin + 


—0.068544 In 6 + 0.24286 — 0.06297 
= 0.05707 Btu per Ib F 


An alternative method consists of determining the increase in 
entropy between 72, and 7; at Then 


82 — 8 = — des 
= 0.24284 — 0.18577 
= 0.05707 Btu per Ib F 


Example 4. Discharge of Air FromaClosed Container. Air in 
a tank having a volume of 1000 cu ft is initially at a pressure of 50 
psi, and at a temperature of 1600 F abs. The air discharges to 
the atmosphere through a small nozzle until one half the original 
mass remains in the tank. No heat is exchanged between the 
air and the walls of the tank. Find the final pressure and tem- 
perature in the tank. 


Solution: 

The process experienced by the air which finally remains in the 
tank is an isentropic expansion. Using subscripts 1 and 2 to 
denote, respectively, the initial and final states of air inside the 
tank, we have from Table 1 


T, = 1600 Fabs, on = 269.3, pn = 148.55 


Moreover 
ve = 
and therefore 
Ve = vn = 538.6 
From Table 1 


T: = 1251.3, pre = 58.08 


pr = pr X = 19.55 psi 
Pn 

Example 5. Gas Turbine. Air is compressed isentropically 
in steady flow from 1 atm and 520 F abs to 5 atm. Liquid 
octane at 520 F abs is introduced into the stream of compressed 
air at such a rate that the resultant mixture contains 300 per cent 
of theoretical air. The octane burns completely at constant 
pressure and the products of combustion expand isentropically 
to latm. Find the efficiency. 
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not so marked the base state is a mixture of air and products o 
combustion. 
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Solution: 
Let subscripts 1 and 2 refer to states at inlet and outlet of the 


compressor, respectively. Then we have 


h, = 28.80 Pa = 2.506 


Pe =~ X 2.506 = 12.530 7, =821.11 he = 101.55 


TABLE6 STATES IN THE GAS TURBINE, FIG. 1 
h p 
(F abs) (Btu per Ib) Pr (atm) 
520 28.804 2.506 
821.11 101.55 12.530 
801.8 96.85 
2373.0 514.4 
1591.3 298.16 


State 


727.2 

145.44 
@ Base state is a fuel-air mixture. Where values of these age geen are 
complete 


® @) ©) 


— > Net work 


| 


Liquid Fuel 


Turbin 
Compressor 


Combustion 
Chamber 


Fic. Gas TurBINE 

The process of mixing air and fuel occurs adiabatically at con- 
stant pressure so that the enthalpy of the air-fuel mixture is 
identical with the sum of the enthalpies of the constituent air 
and fuel before mixing. For sufficiently small fuel-air ratios, it is 
permissible to assume that a mixture of fuel and air in which all 
fuel is vaporized is equivalent to air as regards the relationship 
between p, v, T, and h. Employing this assumption and the 
iibbs-Dalton law we find that the enthalpy of a stream of fuel 
which is to be mixed with air must be reckoned from the vapor 
phase of the fuel at the base temperature in the table for proper- 
ties of air. Using appropriate data for octane and the base 
temperature of Table 1, we get for the liquid fuel 


h, = 0.5T — 375 Btu per lb 


where hy denotes the enthalpy of a pound of liquid octane at the ab- 
solute Fahrenheit temperature T. The effect of pressure on the 
enthalpy may safely be ignored in problems involving combustion. 

For 300 per cent of theoretical air each pound of fuel-air mix- 
ture contains 0.0217 lb of fuel and 0.9783 lb of air. The enthalpy 
of each pound of liquid fuel at 520 F abs, based on vapor at 400 F 
abs, is 


h, = 0.5 X 520 — 375 = —115 Btu per lb 


Tne enthalpy of the mixture based on a state having the same 
chemical aggregation is then 


hs = 0.0217 (—115) + 0.9783 X 101.55 
= 96.85 Btu per lb 


where subscript 3 refers to the state immediately after mixing. A 
good approximation to the temperature of the mixture of air and 
evaporated fuel is the temperature from Table 1, corresponding 
to h; which is 801.8 F abs, the decrease from 821.11 being ac- 
counted for by evaporation of the fuel. 


a2 Ue 
_ta 
l 
2 
3 
Air 
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A mixture of air and fuel approximates air as regards variations 
in its properties only as long as the fuel remains unburned. The 
value of enthalpy, obtained from Table 1, for such a mixture is in 
effect computed from a base state for which the fuel is unburned. 
If the enthalpy for the mixture in question is to be reckoned from 
some other base state, such as one for which the fuel is completely 
burned, then the value from Table 1 must be augmented by the 
increase in enthalpy in going from the new base state to the old 
one. 

The values just given for the enthalpy at states 1, 2, and 3 have 
been reckoned from a base state at 400 F abs, corresponding to 
air and unburned fuel. For the next step in our analysis we 
shall need the enthalpies at 3 and 4 on a common basis. We 
may select a base state at 400 F abs corresponding to air and 
products of complete combustion at 400 F abs. The enthalpy 
at state 3 on the new basis must now be augmented by the in- 
crease in enthalpy in going from the “products base state” to the 
“unburned base state.” This quantity is called the “enthalpy of 
combustion.” It is almost precisely proportional to the mass of 
fuel present regardless of the mass of air present. We shall there- 
fore use the symbol h* to denote the enthalpy of combustion per 
pound of fuel. 

If, then, we employ a common base state, which is that of the 
products at the base temperature, for reckoning the enthalpy of 
mixtures and of products, the value of h; just computed must be 
augmented by the amount 

Whe 

We + Wy 

where w, denotes the rate of flow of fuel to the combustion cham- 
ber, and w, the rate of flow of air to the compressor. Without 
this augmentation the values may be called the “‘sensible enthal- 
pies” to denote that they are reckoned from a special base, and 
that they are not to be employed in analyses along with enthalpies 
reckoned from the products base, or any other except the un- 
burned base. 

Using 

h* = 19,240 Btu per lb 
we get for the enthalpy of the mixture at 3 
96.85 + 0.0217 X 19,240 = 514.4 Btu per lb 


This quantity and Table 1 will not yield the temperature at state 
3 because a change in chemical aggregation not allowed for in 
Table 1 must occur between state 3 and the base state. 

However, since the process between state 3 and state 4, the 
state at the exit of the combustion chamber, is both adiabatic and 
constant pressure, it follows that the magnitudes of the enthalpy 
at states 3 and 4 are identical; thus 


hy = 514.4 Btu per lb 


This value and Table 1 will yield the temperature at state 4 be- 
cause no chemical interaction between fuel and air need occur be- 


tween state 4 and the base state. Thus 
T, = 2373.0 F abs, 


Pa = 727 


For isentropic expansion from 5 atm to 1 atm, we find the 
state 5 at the turbine exit from the relative pressure; thus 


Pre = 727.2 X 1/5 = 145.44, hs = 298.16, 7 = 1591.3 
The shaft work of the turbine per pound of products is now 
Wr = 514.4 — 298.2 = 216.2 Btu per lb 


The shaft work of the compressor per pound of products is (from 
Table 6) 


w 
= “— (hg — = 0. = 71. t 
1) = 0.9783 X 72.75 = 71.17 Btu per Ib 


The net work of the gas turbine per pound of products is 
W, = 216.2 — 71.2 = 145.0 Btu per lb 


since the work of compressing the liquid fuel is negligible. The 
heating value of the fuel supplied may be taken to be 
wy 


——*— h* = 417.5 Btu per lb 
We + UW, 


The efficiency of the gas turbine is then 


Example 6. Otto Engine. A mixture of air and octane vapor 
corresponding to 150 per cent of theoretical air, in a cylinder at 1 
atm and 600 F abs, is compressed isentropically to one fifth its 
volume. The octane is burned completely at constant volume. 
The products are expanded isentropically to the original volume, 
at which point an exhaust valve opens and the pressure falls to 1 
atm. Find the states before and after combustion, at the open- 
ing of the exhaust valve, and at the return to atmospheric pres- 
sure, 


Solution: 


TABLET STATES IN THE OTTO ENGINE, FIG. 2 


T u (eu ft p 

State (Fabs) (Btu per lb) vr Pr per lb) (atm) 

l 600 6.90% 36242 4.139 15.12 1 

2 1121.5 99.20 724.89 38.68% 3.024 9.35 

3 4833.7 915.9 7.653 15790 3.024 40.29 

+ 3003.0 490.72 38.265 1962.4 15.12 5.006 

5 2041.5 281.11 130.22, 392.0 51.46 1 


2 Base state is a fuel-air mixture. Where values of these properties are not 
so marked, the base state is a mixture of air and products of complete com- 
bustion. 


Fie. 2 Orro-ENGINE PROCESSES 


As in example 5 we shall assume the mixture of air and octane 
vapor to be equivalent to air as regards the relationship between 
p, v, T, u, and h, although the assumption is now less valid be- 
cause of the higher ratio of fuel to air. From Table 1 we obtain 
the data for state 1 given in Table 7. To identify state 2, for 
which the entropy is the same as for state 1, we note that the 
relative volume at state 2 must be one fifth as large as that of 
state 1. 

The internal energy at 3 must be identical with that at 2 when 
the same base is used for both. In order to obtain the internal 
energy at 2, reckoned from the products base, we must augment 
the value reckoned from the unburned base by the enthalpy of 
combustion at the base temperature. For if we indicate enthalpy 
reckoned from the unburned base by subscript s and that reck- 
oned from the products base by no subscript, we have 


3 
| 
| 
) 
3 
Pp 
4 
Vv 
| 


JOURNAL OF APPLIED MECHANICS 


We + 


h, + h* 


= u-+ pv 


h, = u, + po 
and therefore 
Uy 


h* 


Substituting appropriate numerical values, we get 
Us = us = 99.20 + 0.04245 X 19,240 = 915.9 


From this value and Table 1 we obtain 7%, v,3, and p,s3, because the 
base state for us, like state 3, is a result of complete combustion. 

The relative volume at state 4 is five times that at state 3, and 
the other properties correspond. 

To identify state 5, which exists in the cylinder when atmos- 
pheric pressure is restored, we assume that the expansion of re- 
sidual gases in the cylinder during exhaust is isentropic. The 
pressure at state 3 is found with the aid of the equation of state 


po = RT 


and the volume ratio 


Entering Table 1 with the calculated value of relative pressure 
we obtain the temperature and relative volume and, through the 
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equation of state, the specific volume. These values are shown 
in Table 7. 

The results of this analysis are only approximate for two 
reasons: (a) Neither the fuel-air mixture nor the product of 
combustion is exactly like air in the relationship between its 
properties. (b) States 3, 4, and 5 cannot be states of complete 
combustion, because, even for equilibrium conditions at these 
temperatures, appreciable amounts of CO, OH, NO, and O 
would probably be present. Reason (a) affects the precision of 
the data for both mixture and products. It is, however, of small 
consequence, compared with reason (b) which affects data for the 
products only but causes 7; to be higher than the true value by 
several hundred degrees. Nevertheless, this example serves to 
illustrate certain kinds of application of Table 1 which may well 
prove fruitful 


ACKNOWLEDGMENT 


This work was aided materially by funds of the National 
Youth Administration. 


BIBLIOGRAPHY 


1 ‘‘'Thermodynamics,” by J. H. Keenan, John Wiley & Sons, Inc., 
New York, N. Y., 1941, p. 96. 

2 “Thermodynamic Properties of Steam,”’ by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 

3 “The New Specific Heats’? (Addenda and Discussion) by 
R. C. H. Heck, Mechanical Engineering, vol. 63, 1941, pp. 126-135. 

4 International Steam Table Conference, Mechanical Engineering, 
vol. 52, 1930, pp. 120-122. 

5 ‘Thermodynamic Properties of Air,’’ by R. V. Gerhart, F. C. 
Brunner, H. 8S. Mickley, B. H. Sage, and W. N. Lacey, Mechanical 
Engineering, vol. 64, 1942, pp. 270-272. 

6 ‘Heat Capacity Curves of the Simpler Gases,"’ by H. L. John- 
ston and M. K. Walker, Journal of the American Chemical Society, 
vol. 55, 1933, pp. 172-187. 

7 ‘Heat Capacity Curves of the Simpler Gases,’’ by H. L. John- 
ston and C. O. Davis, Journal of the American Chemical Society, vol. 
56, 1934, pp. 271-276. 


A-130 
h= 
"1 
Vo v3 
Next, the relative pressure at state 5 is found from the relation 
Ps _ Ps 
Prs Ps 


Temperature Relations in Journal- 


Bearing Systems 


By M. MUSKAT! ano F. MORGAN,! PITTSBURGH, PA. 


The physical principles underlying the theoretical cal- 
culation of film and bearing temperatures have long been 
known, but few experimental studies have been made for 
the purpose of correlating the theoretical relationships. 
The results of such an investigation on a bearing system, 
operating at elevated temperatures, are given in this paper. 
Further research on heat conditions in bearings is urgently 
needed. 


INTRODUCTION 


HE symposium recently conducted by this Society on 

temperature relations in bearings serves to emphasize the 

meagerness of established information on this subject. 
The physical principles underlying the theoretical calculation of 
film and bearing temperatures have been known for many years 
and were reviewed and amplified in the papers of Hersey,? Bur- 
well,’ and Karelitz,‘ in this symposium. Unfortunately, how- 
ever, very few experimental studies of this subject have been 
made for verifying or correlating the theoretical relationships.® 
Because the operation of bearing systems at elevated tempera- 
tures is becoming of increasingly greater importance, especially 
in connection with military developments, further research on 
heat conditions in bearings is urgently needed. The results of an 
experimental study of this type are reported herein. 

The basic principle underlying the method of investigation 
which has been followed in the present paper was outlined in a 
discussion® of the paper presented by Hersey at the symposium. 
This consisted essentially in the proposal that film or bearing- 
surface temperatures be inferred from measurements of the fric- 
tion torque acting either on the journal or bearing. The practi- 
cality of this proposal lies in the observation that the theoretical 
calculations of friction conditions in journal-bearing systems, for 
constant-lubricant viscosity, have reached a stage where thevalues 
of the friction torque can be accurately computed for a wide range 
of operating conditions and physical dimensions of the journal- 
bearing system. Hence by comparing such calculated friction 
torques with those actually measured, it should be possible to 
determine the effective equivalent constant film viscosity corre- 
sponding to the operating conditions imposed on the journal- 
bearing system. Combining the film viscosities computed in this 


1 Gulf Research & Development Company. 

?“‘Heat Conditions in Bearings,” by M. D. Hersey, Trans. 
A.S.M.E., vol. 64, 1942, pp. 445-450. 

3“The Effect of Diametral Clearance on the Load Capacity of a 
Journal Bearing,”’ by J. T. Burwell, ibid., pp. 457-461. 

‘Heat Dissipation in Self-Contained Bearings,’’ by G. B. Kare- 
litz, ibid., pp. 463-464. 

5 References to the previous work that is available are given in the 
symposium papers. 

* Discussion by M. Muskat of reference (2), ibid., pp. 452-453. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1943. Discussion received after the closing date 
will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


way with the viscosity-temperature characteristic of the lubri- 
cant used, the equivalent average film temperature can thus be 
readily determined. This has been the principle of the present 
method of investigation. In its actual application, advantage was 
taken of the great simplification associated with the thick-film 
operation of the journal bearing, i.e., by experimenting at high 
speeds and low loads where the simple Petroff formula should ac- 
curately predict the frictional behavior. 

In the course of these experiments, the transient history of the 
film or bearing temperature was observed and recorded, from the 
beginning of operation of the journal bearing until thermal 
equilibrium had been approximately approached. It was found 
possible to correlate the rate of asymptotic approach to equilib- 
rium to the actual equilibrium conditions. It was also possible 
to correlate the latter with the operating parameters of the sys- 
tem. In addition to the experimental measurements, theoretical 
considerations are presented pertaining to the temperature dis- 
tribution within the lubricant film, and also to the problem of 
calculating effective film temperatures in journal-bearing sys- 
tems provided with sufficiently great rates of lubricant flow as to 
materially influence the thermal-equilibrium conditions. 

EXPERIMENTAL MetHops 


The experiments were performed with the simple journal-bear- 
ing system shown diagrammatically in Fig. 1. Theshaft was of 
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3'/.-in-diam hard steel. The bearing consisted of a bronze 
bushing inserted in a steel shell.?_ Its effective length was 5'/s in. 
The shaft was driven by a variable-speed transmission providing 
a maximum speed of 660 rpm. The bearing load was kept small 
in order to favor the thick-film conditions of operation of the sys- 
tem and thus insure the validity of the Petroff formula. It con- 
sisted of the weight of the bearing itself plus that of auxiliary 
weights used in the friction measurements. As the bearing in 
effect floated on the journal, the torque measurements were made 
simply by suspending appropriate weights from a string encir- 

7 This equipment is essentially the same as that used previously 
(‘Studies in Lubrication—II. Experimental Friction Coefficients 
for Thick-Film Lubrication of Complete Journal Bearings,’ by F. 
Morgan and M. Muskat, Journal of Applied Physics, vol. 9, 1938, 
pp. 539-546; also, ibid., vol. 10, ‘Studies in Lubrication—IV. Ex- 
perimental Variation of the Coefficient of Friction With the Strength 
of the Lubricant Source for a Complete Journal Bearing,”’ 1939, pp. 
327-334) to establish quantitatively the Reynolds hydrodynamic 
theory of lubrication for full-journal-bearing systems. 
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Fic. 3. VARIATION OF FRICTION COEFFICIENT WITH 


(f = friction coefficient; » = lubricant viscosity, poises; N = journal speed, 
rps; P = bearing load per unit projected bearing area, dynes per sq cm.) 


cling the bearing in such a way as to give a resultant torque 
balancing that generated by the shearing stresses in the lubricant 
film. 

Measurements were made with five different lubricants, 
namely, Gulflube 10, Gulflube 30, Gulflube 50, Gulflube 10 with 
10 per cent of a viscosity-index additive, and Gulflube 50 with 3 
per cent of the same viscosity-index additive. The viscosity- 
temperature characteristics of these lubricants are shown in 
Fig. 2. 

In addition to the torque measurements, from which the film 
temperatures were obtained by calculation as will be outlined, 
bearing-surface temperatures were measured directly by means 
of thermocouples embedded in the bearing surface. Four ther- 
mocouples were placed around the central circumference at 90- 
deg intervals, and four more were placed midway between the 
end and central circumferences. The thermocouple placed at the 
crown of the bearing was read at intervals throughout the com- 
plete transient history of the temperature rise. The remaining 
thermocouple readings were recorded only after the attainment 
of thermal equilibrium. The lubricant inlet was a small hole 
placed opposite the top central thermocouple and the oil was fed 
into the bearing from a pressure tank. Throughout the experi- 
ments, the feed pressure was maintained at approximately 
12 psi. The speed settings on the variable-speed transmission 
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were checked by a revolution counter attached to the end of the 
shaft. 

To test the validity of the Petroff formula in the range of oper- 
ating conditions used in the experiments, special preliminary runs 
were made at such low shaft speeds that the film and bearing 
temperature rises were negligible, so that the film viscosity could 
be taken as that for the ambient temperature. A typical set of 
results for this type of experiment is shown in Fig. 3, where f is 
the friction coefficient, r is the journal radius, c the radial clear- 
ance, » the lubricant viscosity, N the journal speed in rps, and P 
the bearing load per unit projected area. The linearity of the 
curve through the experimental points and the passage of the 
line through the origin were considered to represent a quantita- 
tive verification of the Reynolds and Petroff theories. According 
to the latter, the slope of the line should be r/c; that of the line, 
plotted in Fig. 3, was 1550. Since the value of the radial clearance 
c is quite difficult of accurate determination by direct measure- 
ment, the process of determining r/c from the slope of the straight 


N 
line, such as that of Fig. 3, of f versus 2x? = is probably the most 


accurate method of determining r/c from the practical point of 
view.® Since the measurements of the type illustrated in Fig. 3 
were carried out for a journal speed range of approximately 0.03 
to 0.4 rps, and still corresponded to thick-film or Petroff condi- 
tions, it is clear that, in the subsequent experiments at high 


8 As will be shown elsewhere, another method (equally accurate 
in principle) for determining the radial clearance is that of measuring 
the lubricant flow through the bearing under suitable conditions. 
This, however, requires that the geometry of the flow system through 
the bearing be sufficiently simple to permit the derivation of exact 
formulas relating the lubricant flow to the clearance and other physi- 
cal dimensions. While this can be readily done for bearings fed from 
circumferential grooves, more complex grooving systems or even 
point sources of lubricant flow are difficult to treat accurately mathe- 
matically, and hence may not permit a quantitative calculation of 
clearance from rate of flow with high precision. 
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Fic. 4 TEMPERATURE VARIATION OF LUBRICANT FILM As A FuNc- 
TION OF TIME FOR GULFLUBE 30 


(Solid curves: Temperature at bearing surface. Dashed curves: Calcu- 
lated film temperature. N = journal speed, rps. 
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speeds, the Petroff formula would certainly retain its validity in 
spite of the fall in viscosity due to the temperature elevation. 
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RESULTS OF EXPERIMENTS 


Typical experimental data on the film and bearing tempera- 
ture histories are plotted in Figs. 4 and 5. The solid curves give 
the directly measured bearing-surface temperatures, whereas the 
dashed curves and solid points represent the film temperatures 
calculated from the friction torques. As previously explained, 
the latter were obtained by rewriting the Petroff formula for the 
friction coefficient in the form 
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Fig. 7 TRANSIENT TEMPERATURE AND F RIC- 

TION GRAPHS FOR GULFLUBE 10 AND JOURNAL 
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(Initial temperature = 80 F; equilibrium tem- 

perature, observed = 135.5 F; equilibrium temper- 
calculated = 

friction coefficient = 0.097; load = 31,028 g.) 
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and reading off the equivalent temperatures from the viscosity- 
temperature characteristics of Fig. 2. As already pointed out, 
Fig. 3 fully justifies the use of this formula.® 

Since the film viscosities and temperatures, as calculated from 
Equation [1], represent averages over the whole film thickness, 
it is to be expected that they would be higher than that of the 
bearing surface, under the conditions of the present experiment. 
This qualitative relationship is confirmed by the curves of Figs. 
4 and 5, although it should be noted that the difference between 
the measured and calculated temperature is generally only a 
small fraction of the total temperature rise, except during the 
early part of the transient history. 

The reproducibility of the data obtained in this investigation 
is indicated in Figs. 4 and 5 by the manner in which the 2’s 
and +’s fall on the same smooth curves. These two sets of points 
represent data for independent runs made at essentially the same 
journal speeds. Both the friction and temperature data show a 
very satisfactory degree of reproducibility. For purposes of 
brevity, no Cartesian plots are shown of the friction-transient 
data. These, however, can be readily inferred from the tempera- 
ture curves of Figs. 4 and 5, and corresponding viscosity varia- 
tions, and then applying Equation [1} in its conventional form. 

In spite of the initial rapid rise in the film and bearing tempera- 
tures, as indicated in Figs. 4 and 5, the data in many cases still 
continued to show lack of complete thermal equilibrium even after 
6 hours of operation of the journal-bearing machine. To eliminate 
the uncertainty regarding the ultimate equilibrium conditions, 
an attempt was made to derive the true asymptotic equilibrium 
values by means of an exponential rather than linear extrapola- 
tion procedure. As is generally true in equilibrium processes, 
and as may be proved explicitly for the present situation, the 
equilibrium state is approached asymptotically in an exponential 
manner if the external controlling conditions are kept fixed. The 
transient-temperature and friction data were therefore plotted 
against the time on semilogarithmic paper, and the assumed ulti- 
mate equilibrium values were so varied that the last parts of the 
transient curves gave approximately straight lines. Although 
such a procedure is clearly very sensitive to inaccuracies in the 


§ The use in Equation [1] of the value 1550 for r/c, as determined 
at room temperatures, was justified by a calculation of the change in 
clearance to be expected from the observed temperature rise. This 
calculation showed that, for the journal-bearing system used in the 
experiments, the radial clearance would increase by less than 5 per 
cent even at the highest temperatures encountered. 
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experimental data, it was nevertheless found that for practically 
all the runs made it was possible to choose values in such a 
manner for the equilibrium temperatures and friction coefficients 
that the data taken near the time of completion of the experi- 
ments gave very satisfactory linear plots. 

Four typical examples of these are shown in Figs 6 to 9, in- 
clusive. In these figures, the ordinate scales represent the numeri- 
cal values of the differences between the assumed equilibrium 
temperatures or friction coefficients and the instantaneous meas- 
ured values, as indicated by the notations along the individual 
curves. The lower abscissa scales give the time after the begin- 
nings of the runs for the friction and bearing-temperature curves. 
The upper scales give the corresponding times for the calculated 
temperature curves and were shifted so as to avoid confusing 
overlapping among the curves. In some cases, the chosen values 
for the equilibrium conditions turned out to be inconsistent with 
the last values of temperature or friction actually observed. 
While the cause of this behavior is not certain, it is probable that 
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Fig. 10 VaRIATION OF EQUILIBRIUM-TEMPERATURE ELEVATION 
AND Viscosity WITH JOURNAL SPEED, N 


(Solid curves, directly observed. Dashed curves, calculated from friction 
measurements. Curves rising to right refer to temperature elevation; those 
rising to left refer to equilibrium viscosity.) 
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oooo 


@ These are initial ambient temperatures. Final values were not observed. 
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1 Lube 16 48 80.5 31,028 a 98 0620 1924 
2 Lube 10 97 81.0 31,028 108 113 0850 2637 
3 Lube 10 19 80.7 31,028 110 115 0890 2762 
4 Lube 10 95 81.5 31,028 134 141 0975 3025 
5 Lube 10 06 80.07 31,028 135 141 0970 3010 
6 Lube 10 00 77.9% 33,214 165 173 0960 3189 
7 Lube 10 14 00 76.62 32,665 166 173 0980 3201 
8 Lube 30 50 79.1 60,175 104 107 0840 5055 
9 Lube 30 03 77.2 38,478 125 129 1440 5541 
10 Lube 30 06 76.1 38,478 123 128 1500 5772 
11 Lube 30 00 74.32 38,478 156 160 1405 5406 
‘ 12 Lube 30 ol 74.9¢ 35,978 156 161 1485 5343 
13 Lube 30 03 81.5 60,175 181 187 0829 4989 
14 Lube 30 05 79.0 60,175 181 187 0812 4886 
15 Lube 30 .95 74.8 60,175 191 198 0830 4995 
16 Lube 30 .95 75.4 60,175 192 198 0825 4964 
17 46 84.3 60,175 211 218 0973 5855 
18 46 83.9 60,175 209 216 1000 6018 
19 46 85.0 60,175 214 221 1059 6373 
20 46 81.9 60,175 214 222 1058 6367 
21 96 80.2 33,213 185 199 1354 4497 
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in these cases the ambient and controlling conditions may have 
shown abnormally rapid fluctuations as the experiments were 
being concluded. From the smoothness of the curves of Figs. 6 
to 9, even during the early parts of the transient history, it would 
appear that perhaps the complete transient behavior may be rep- 
resented by a small number of individual exponential terms or 
possibly by single analytic functions. However, for the present 
purposcs, the establishment of the exponential character of the 
asymptotic behavior sufficed to give the equilibrium data re- 
quired. 

As indicated in Figs. 6 to 9, the slopes of the various curves 
obtained in a single run were generally approximately equal, 
indicating equal rates of approach to the equilibrium condition. 
In some cases, however, the slopes were appreciably different, 
although such differences may have been mainly due to slight 
errors in the data which tend to accentuate the errors in the loca- 
tions and slopes of the linear asymptotic segments. 


Discussion OF RESULTS 


Equilibrium Temperature, Viscosity, and Frictional Force. 
Twenty-one runs were made with the five oils at various speeds. 
The equilibrium data are given in Table 1. For Gulflube 10 and 
Gulflube 30, for which the full range of available speeds was cov- 
ered, curves of temperature elevation and viscosity fall are plotted 
as functions of the journal speed in Fig. 10. The final ambient 
temperatures were arbitrarily taken as 3 deg F higher than the 
initial values for the five runs where only the latter were observed 
(marked by* in Table 1). It will be noted that both the tempera- 
ture rise and viscosity fall taper off with increasing speed.'° 

The equilibrium frictional force, as measured for Gulflube 10 
and Gulflube 30, is plotted in Fig. 11, as a function of the speed. 
It will be noted that the rise in each of these quickly tapers off, 
and in the ease of Gulflube 30 ultimately begins to fall again for 
speeds exceeding about 3.5 rps. These effects are obviously due 
to the film temperature elevation and decreasing viscosity with 
increasing journal speeds. The theoretical behavior of a linear 
increase of frictional force with speed, under the assumption of 
constant film viscosity, is indicated by the dashed lines in Fig. 11. 

Heat-Balance Relationship. At equilibrium conditions, it 
should be expected that the rate of heat generation by friction 
should equal the heat dissipation by conduction and radiation, 
provided the lubricant flow is sufficiently slow so that the convec- 
tion losses, due to the lubricant itself, can be neglected. Assum- 


10 This behavior does not agree with the linear rise of temperature 
with speed reported by J. Spiers in a paper, ‘‘Oil Flow Through Engine 
Bearings,” Journal of the Institution of Automotive Engineers, vol. 9, 
Jan., 1941, pp. 7-39. 
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ing that the heat losses by conduction and radiation may be ex- 
pressed by a power of the temperature elevation, one should ex- 
pect a relationship for the equilibrium conditions of the film 
given by 


where po and 7’ represent the equilibrium viscosity and tempera- 
ture, and 7, is the ambient temperature. Hence by plotting 
uo N* against the temperature elevation on log paper the data 
should fall on a straight line regardless of the lubricant used. Such 
plots are shown in Fig. 12, which includes the data for all five 
lubricants and twenty-oneruns. For the upper curve, the calcu- 
lated equilibrium temperatures and temperature elevations were 
plotted, and for the lower curves, those which were measured di- 
rectly at the bearing surface were used. It will be seen that the 
data for all five lubricants studied fall on single straight lines 
within the experimental errors of the measurements, both for the 
observed and calculated temperature data, thus verifying com- 
pletely the prediction of Equation [2]. 
The equations for the straight lines of Fig. 12 are 


= 2.55 (To — T,)'-*5 (observed) (3) 

= 2.10 (To — T,)'-** (calculated) 
where the term “observed” indicates that the temperatures were 
actually measured at the bearing surface, and “calculated” im- 


plies that the viscosities and temperatures were calculated from 
the measured friction coefficient. 
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(4 = equilibrium viseosity, cp: N = speed, rps.) 
xX: Gulflube 10 QO): Gulflube 50 +3% v.i. additive 
+: Gulflube 30 Q: Gulflube 10 +10% v.i. additive 
4: Gulflube 50 @: Calculated film temperature 


It is interesting to ncte that the exponent of the temperature 
rise m, that is the radiation exponent 1.35, agrees so closely with 
the value 1.3 quoted as that found by Lasche" in 1903. In fact, 
this latter value appears to be the only one previously reported, 
except for that found by McKee,!? namely, 1.65. However, the 
latter refers to a particular operating condition and for a single 
value of lubricant flow through the system. 

As may be inferred from Equation [2], the numerical coeffi- 
cients in Equations [3] are proportional to the effective heat-trans- 
fer coefficients. In fact, the values of the latter corresponding 
to Equations [3] are given by k = 2.72 X 108, and k = 2.24 X 
108 for the first and second of Equations [3], respectively. These 
numbers are based on the expression of length in centimeters, 
viscosity in centipoises, and speed in revolutions per second. 


11 “Bearings for High Speed,’”’ by O. Lasche, Traction and Trans- 
mission, vol. 6, 1903, pp. 33-64. 

12 **Friction and Temperature as Criteria for Safe Operation of 
Journal Bearings,” by S. A. McKee, National Bureau of Standards, 
Journal of Research, vol. 24, 1940, pp. 491-508. 
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They represent empirical coefficients rather than basic physical 
constants. In terms of the heat-transfer coefficient B used by 
where F 
is the total frictional force, the present experiments give a value 
for B of 2, where the heat energy is expressed in Btu per hour, 
the length in feet, and AT is the bearing-temperature elevation. 
Following Lasche, Burwell used the value 2.9 in his calculations. 

It may be noted, without entering here into the details, that 
the heat-bearing-correlation equations, i.e., Equations [3], may 
be shown to predict a variation of the frictional force with speed 
of the type given in Fig. 11, including the maximum indicated in 
the curve for Gulflube 30. It is also of interest that on the basis 
of Equations [3], one may predict the asymptotic rate of ap- 
proach to equilibrium of the temperature elevation, and that such 
theoretical predictions are confirmed by the actually observed 
slopes of the semilog plots of temperatures versus time, such as 
shown in Figs. 6 to 9, inclusive. 

Temperature Variation Within the Lubricant Film. Although 
one of the main purposes of the present investigation has been 
the determination of the effective film temperature empirically, 
it is of interest to derive a theoretical estimate of the film-tem- 
perature elevation. Such a derivation has been outlined by 
Kingsbury.'* Unfortunately, however, Kingsbury attempted to 
make the derivation rigorous and was thus led to a tedious nu- 
merical and graphical procedure which is difficult of physical 
evaluation. However, if some simplifying assumptions are intro- 
duced, simple and explicit formulas may be obtained which at 
least serve to show the essential factors involved. 

Assuming that the film temperatures are uniform over surfaces 
parallel to the bearing surface, the equation for heat balance 
transversely to the metal surfaces will be 

oT re) 

where T is the film temperature at a distance y from the bearing 
surface, v is the local film velocity at y, » the viscosity, and K is 
the thermal conductivity of the lubricant film. If now the sim- 
plifying assumptions are introduced that the velocity distribu- 
tion across the film is linear, as it would be in a constant-vis- 
cosity film, and that, moreover, the actual variable viscosity can 
be replaced by an effective average value y, the solution of 
Equation [4] may be readily shown to be 


T= rAz(1 — z) + 2(T; — T,) 5 T, 


Burwell,*® which is essentially defined by B = 


where 


2K 
U is the surface velocity of the journal, h the film thickness, and 
T; and T, are the film bounding temperatures, i.e., that of the 
journal and bearing, respectively. The position z,,, of the maxi- 
mum temperature 7’,,, is therefore 


1, 
4d 


Hence, if T; — T, < A, the internal film temperature will 
show a maximum lying between the center and the bounding sur- 
face of higher temperature. However, if T; — T, > A, the film 
temperature will rise monotonically from T, to 7; (assuming 
T; > T,). Moreover, in the former case, the excess of the maxi- 
mum film temperature over the mean bounding-surface tempera- 
ture will be 


13 ‘Heat Effects in Lubricating Films,’’ by A. Kingsbury, Mechani- 
cal Engineering, vol. 55, 1933, pp. 685-688. 
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(T;+7,) A 


where AT = T; — T, 
The intergrated mean film temperature will be 


1 
f Tdz = + [8] 


and its excess over the bearing or journal temperature 


1 1 
AT AT 
= ~ dz — 


Finally, the difference between the maximum and mean film 
temperatures will be 


(aT)? 


To get a numerical estimate of these quantities, we note that 
by Equation [5] 


[9] 


For oils K ~ 3.5 X 10>‘ cal per cm per deg C per sec = 14.6 X 
10° ergs per cm per deg C per sec. Hence for the journal bearing 
system used here: \ ~ 48.4 X 10°>%uN? deg F. For values of 
uN? covered by the present experiments, i.e., of the order of 
1-10 (since » in Equation [11] must be expressed in poises), 
will not exceed !/2 deg F. It follows then from Equation [8] 
that the effective average film temperature, as measured in the 
present experiments, is for practical purposes merely the mean of 
the bearing and journal temperatures. Moreover, from Equa- 
tion [9], it appears that the differences observed between the 
effective film temperatures and the directly measured bearing 
temperatures are essentially equal to one half the differences be- 
tween the journal and bearing temperatures. Thus, when the 
former are 5-10 deg, Equation [9] implies that the temperature 
of the journal exceeds that of the bearing by 10-20 deg. Un- 
fortunately, it was not feasible in the present experiments to 
measure directly the journal temperatures so as to obtain a direct 
check of these predictions. However, from the nature of the 
thermal environment of the journal, as compared to that of the 
bearing, it is not unreasonable to anticipate that the former will 
develop a higher equilibrium temperature." 

In view of the simplifying assumptions made in the foregoing 
derivation of Equations [5] to [10], inclusive, it is of interest to note 
that they give essentially the same numerical results found by 
Kingsbury" in the special case which he carried through numeri- 
cally in complete detail. In* Kingsbury’s calculations, he as- 
sumed explicitly that 7, = 100 F, 7; = 140 F, U = 2000 ips. 

As } will be large for this case, the film temperature will rise 
higher than either of the bounding surfaces. Hence one may ap- 
proximate » by that at the surface of higher temperature. We 
then have » = y(140) = 10.3 ep. Finally, using Kingsbury’s 
value for K, namely, 3.23 X 10~‘ cal per cm per deg C per sec, 
d is found to have the value 177.2. Substituting this into Equa- 
tion [7], the calculated maximum temperature becomes T',, = 
166.5 F. The mean film temperature, by Equation (8), becomes 


1 
Pa Tdz = 149.5. The former is to be compared with the value 
0 


14 This may be explained by a local heating at the journal surface 
in which most of the heat is retained by the journal so as to maintain 
its temperature higher than the interior of the film. 
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1 
T,, = 166.6 found by Kingsbury, and the latter with ff Tdz = 
0 


148.1, obtained by integrating Kingsbury’s temperature-distri- 
bution curve graphically. It may be noted that in this case, 
where J is large, the average film temperature is 29 deg greater 
than the mean of the metal-surface temperatures. 

Whether Kingsbury’s or the present method of calculation is 
used, it is clear that we are led to the basic result that at high 
speeds the lubricant film may develop very appreciable tempera- 
ture elevations even above those of the metal bounding surfaces. 
This fact makes the problem of averaging the temperature dis- 
tributions so as to derive effective averages all the more difficult. 
The empirical approach presented here would therefore appear 
to be especially appropriate in the study of this general problem. 
An equivalent method could be carried through by computing 
the effective film viscosity from the rate of lubricant flow through 
the bearing. Since the rate of flow varies as the cube of the 
journal-bearing clearance, errors in the latter will be somewhat 
more serious in this method of determining effective film tempera- 
tures. Nevertheless, experiments of this type should be useful in 
checking the more direct procedure based on friction measure- 
ments. 

Temperature Variation Over Bearing Surface. 
tioned earlier, the bearing used in these experiments was provided 
with seven thermocouples, in addition to that at the top and cen- 
ter of the bearing which was used as an indication of the over-all 
bearing temperature. Three of the seven were placed at 90-deg 
intervals over the remainder of the central circumference, and 
the other four were similarly distributed over a circumference 
one fourth of the bearing length from one end. The one on the 
central circumference which was placed within the inlet opening 
for the lubricant gave low readings, as was to be expected. How- 
ever, the equilibrium readings for the remainder consistently 
showed a high degree of uniformity with variations which were, 
in general, no greater than a fraction of a degree. This justified 
the use of the readings at the top center thermocouple as a meas- 
ure of the average bearing temperature. 

It should be understood, of course, that the over-all uniformity 
of the bearing temperatures observed here is probably due largely 
to the low rate of lubricant flow. Under conditions where the 
lubricant flow is sufficiently great to provide an appreciable cool- 
ing effect for the system the bearing and film temperatures will 
no longer be uniform but will increase as one recedes from the 
region of entry of the oil. In fact, even in the present experi- 
ments, the small variations in equilibrium bearing temperatures 
which were observed corresponded to the presence of a finite 
time lag in heating the lubricant as it drifts or flows from the 
central inlet to the open ends or other thermocouple stations. 
Such temperature variations over the bearing surface again brings 
to the fore the problem of averaging which, as previously indi- 
cated, is or can be automatically taken care of by the procedure 
of attributing to the film or bearing the effective average tempera- 
ture indicated by the equivalent uniform film viscosities corre- 
sponding to the friction behavior of the system. 

Effect of Lubricant Flow on Bearing Temperatures. If the rate of 
lubricant flow should be sufficiently great to provide an apprecia- 
ble cooling effect on the journal-bearing system, the equilibrium 
temperature will obviously be lower than that which would be 
predicted by Equations [3]. It seems, however, reasonable to 
represent such conditions as the resultant of the composite effect 
of heat radiation and conduction and lubricant convection. In 
using for the former the expressions obtained when the lubricant 
flow is negligible, the new heat-bearing relationships will then be 


As was men- 


= k(T — T,)” + [12] 
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where the left side again represents the heat generation by fric- 
tion, the first term on the right, the heat loss by radiation and 
conduction, and the last term is the contribution due to the lubri- 
cant flow. Terms yw and T again refer to the average viscosity, 
and equilibrium film-bearing temperature, respectively. The 
radiation coefficient k is the same as given in Equations [3]. 
The radiation exponent m is 1.35, 7, is the ambient temperature, 
T,istheoutflow temperature, 7; is the inlet temperature, and A isa 
constant proportional to the lubricant feed pressure, varying also 
with the geometrical nature of the feed supply and specific heat 
of the lubricant. 

On the assumption of uniformity of the film temperatures over 
the major part of the bearing surface until it flows out at the 
ends, 7’, will equal 7. As pointed out previously, this assumption 
was justified in the case of the present experiments where the 
lubricant flow was negligible, whereas when the flow is apprecia- 
ble, the outflow temperature will be higher than the average 
film temperature. However, the difference should, in general, 
be rather small, except where the lubricant flow is so great that 
the rate of temperature rise over the bearing surface in receding 
from the lubricant inlet is very slow, and T, will therefore be 
replaced by 7 in the following calculations. In any case, the 


A 
use of — (T — T;) for the convection of heat by the lubricant film 


will give a conservative estimate as to the cooling effect of the 
lubricant flow, and hence provide a factor of safety in calculating 
the temperature conditions for practical systems. 

To use Equation [12] in calculating the equilibrium tempera- 
ture, it may be rewritten as 


Bu? — ku AT" — AAT = 0............. [13] 


where B represents the coefficient of u in the left side of Equation 
[12], AT denotes (T — T,), and AT = (T — T;). Equation 
{13] has the solution 


k 


By plotting each side of this equation as a function of the film or 
bearing temperature 7’, the intersection of the curves will give 
both the equilibrium temperature and film viscosity. It will be 
noted that, if the lubricant flow be neglected, A will be 0, and 
Equation [14] will give the same equilibrium conditions as Equa- 
tions [3]. 

To illustrate this procedure, suppose the journal-bearing sys- 
tem to be the same as used in the present experiments, except 
that the lubricant source will be assumed to be a central cireum- 
ferential groove, rather than a single inlet hole. We shall then 
have 


+4 AT {14} 


Ap A 4.18 10"ctp Ap 


[15] 


where p is a specific heat of the lubricant, Ap the feed pressure, 
and the factor 4.18 X 10" includes both the mechanical equiva- 
lent of heat and a factor of 10‘ to take into account the fact 
that the viscosity u« is here expressed in centipoises. Taking for 


L A 
p, 0.30 cal per ec per deg F, — = " = 1550, then > 1.85.10-5 
/N*. Equation [14] then may be written as . 
2.55 6.50 5.10 ApAT 
Qu AT?.35 + AT?2.70 + [16] 


where Ap should be expressed in pounds per square inch. 
Assuming that both the ambient and inlet temperatures are 
80 F, that the feed pressure is 150 psi, the journal speed is 10 
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rps, and the lubricant is Gulflube 10, the solution of Equation [15] 
is then 13.7 ep for equilibrium viscosity, and 137.2 F for the 
equilibrium temperature. This is to be compared with an equilib- 
rium viscosity and temperature of 9.3 ep, and 159 F, respec- 
tively, if there is no cooling effect due to the lubricant (Ap ~ 0). 
Moreover, for the former case, the rate of lubricant flow will be 
1.19 ce per sec = 0.0189 gpm. 

These numerical values, as well as those of Equation [16], re- 
fer, of course, only to the specific journal-bearing system used in 
the present experiments. However, the foregoing formuias can 
also be used to study the effect of changing the physical parame- 
ters. Thus, the relative importance of the lubricant flow as 
compared to the effects of heat conduction and radiation is essen- 
tially proportional to the product AB, which in turn is propor- 
tional to N%c*r4p Ap. The factor of proportionality will be de- 
termined by the geometry of the lubricant-inlet system. By 
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varying the factors N, c, r, p, Ap, and repeating the calculations, 
their individual effects can be readily determined. 

If the feed pressure or geometrical characteristics of the bearing 
can be so controlled as to insure any preassigned rate of lubricant 
flow Q, the calculation of the equilibrium conditions becomes 
simplified. Then Equation [13] takes the form 


Bu = kAT™ + Qp AT 


which can be readily solved graphically in the same way as Equa- 
tion [14]. 
ACKNOWLEDGMENT 
The authors are indebted to Mr. A. Chiazza and Mr. A. J. 
Schieritz, for assistance with the experimental measurements, and 
Dr. Paul D. Foote, Executive Vice-President, Gulf Research & 
Development Company, for permission to publish this paper. 


3 
: 


: 


On Cutting and Hobbing Gears and Worms 


By D. W. DUDLEY! ann H. PORITSKY? 


Two problems are treated in this paper, i.e., (1) given 
the shape of the milling cutter tooth or of the hob tooth, 
to find out what is the resulting shape of the worm or gear 
surface; (2) given the desired shape of a worm or gear 
tooth, what shape of the milling or hobbing tooth will 
produce it. These problems are fundamental to all cutter 
and hob design. Except for special cases, the solution of 
these problems obtained in the following treatise is be- 
lieved to be new. The general equations which enable 
one to determine exactly the relation between the shape 
of the cutting tool and the shape of tooth produced are 
obtained in the present paper by going back to the funda- 
mentals of the motion of a milling cutter or a hob and the 
motion of the worm, or gear part being cut. With these 
equations available it is possible to design precision tools 
for any worm or gear-cutting job, thus eliminating guess- 
work in the design, and possible delays, such as are involved 
in “‘cut-and-try”’ shop methods. 


PART I. ON CUTTING GEARS AND WORMS* 
I 


N this paper, we consider the problem of the exact shape of 
the teeth of a worm, or of a helical gear which is produced by 
milling or hobbing. The two problems to be considered, 

which have been stated in the abstract of the paper, are funda- 
mental to all cutter and hob design. 

Solutions of these problems, based on obvious hunches, do not 
always turn out to be correct. Thus at first thought one might 
conclude that in order to produce the common screw thread, 
which has a straight profile in a plane section through the axis of 
the screw, a cutter profile with a straight-sided tooth shape should 
be used; this, however, turns out to be incorrect. Actually, 
such a worm profile requires a convex cutter profile of definite 
shape, the amount of convexity increasing with the pitch angle or 
lead angle of the worm. 

In the past, shop methods of the “cut-and-try” variety, graphi- 
cal solutions, and calculations of an approximate or an empirical 
nature have often been used to solve these problems. A shop 
method which is sometimes employed consists in running the 
worm or gear against a soft metal form of the cutter or hob which 
is thus forced to attain the proper shape consistent with the worm 
shape. Such methods though are not adequate where extreme 
precision, low tool cost, and rapid production of both tools and 
gears are the outstanding requirements. An exact method of 
calculating tool and gear forms would be of great advantage and 
would present a useful addition to present-day methods. 

In the treatment to follow, it is assumed that there is no de- 
flection of the cutting tool, its driving shaft, or the gear part 


1Gear Engineering Division, General Electric Company, River 
Works, Lynn, Mass. 

* Engineering General Division, General Electric Company, Sche- 
nectady, N. Y. 

* Part II will be published in a later issue. 
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cepted until until Oct. 11, 1942. Discussion after closing date will 
be returned. 
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being cut. In effect then, the cutting tooth removes all of the 
stock in the space covered by it in its motion relative to the ma- 
chined part. The irregular “grain” formed by the disruption of 
individual crystals of which the metal consists is also neglected. 
The problem is thus reduced to a purely geometrical or kinemati- 
cal one, its chief complication resulting from the complexity of 
the relative motion of the cutting tool and the machined part. 

A detailed analysis of the geometry of the cutting action is 
also useful in enabling one to investigate the effect of other in- 
accuracies, such as an incorrect angular setting of the hob axis, 
decreasing hob radius as the teeth are sharpened, and other factors 
which may be responsible for rough running and noise of geared 
systems. 

Well-established designs which are considered successful do 
not often justify extensive investigation; however, when new 
ideas are tried out, with no past experience for guidance, often 
unsuccessful and very expensive trials can be avoided by the 
type of analysis to be presented. One such instance known to 
the authors occurred in the past in the case of a special roughing 
hob, where the first design was carried out without preliminary 
analysis and resulted in spoilage of a large gear costing many 
thousands of dollars. 

As an example of what errors may be encountered where 
cutters are designed by cut-and-try methods, Fig. 1 shows the 
case history of a certain 30-deg lead angle worm-gear job. It 
was desired to produce a worm thread of the screw-thread type 
which is straight in an axial section, as shown under B in Fig. 1. 
However, the cutter as first built failed to produce this desired 
profile, and curve 2 under D shows the deviation in the shape cut 
from the desired straight-sided profile; here the vertical line 1 
corresponds to zero deviation, and curve 2 indicates a maximum 
error amounting to 0.0148 in. To explain this, the theoretical 
shape of cutter profile required to produce the desired worm 
shape was calculated. 

Curve 1 under C in Fig. 1, shows the deviation of the calcu- 
lated profile from a certain reference line, while curve 2 under C 
shows the (similar deviation of the) profile of the actual cutter. 
The cutter was returned to the vendor with the results of the 
calculation. It was re-formed so that its profile agreed quite 
closely with the calculated profile as shown in curve 3 under C. 
A worm was cut with the re-formed cutter, the resulting profile 
being shown by curve 3 under D. The maximum error has 
dropped to only 0.0009 in. The calculation of the cutter profile 
thus made possible a 94 per cent reduction in the maximum error 
of the worm-thread profile. 

In this particular case, if the calculated profile had been avail- 
able at the start, a delay of 6 weeks in production while the 
cutter was being re-formed and the re-forming cost could have 
been avoided. If the analysis which made the calculations pos- 
sible had not been available, several trials wculd have resulted in 
even greater re-forming cost. 

In Part I we will concentrate on the problem of finding the 
shape of worm or gear produced by a given cutter. The con- 
verse problem and the hob-gear problem will be treated in Part IT. 


2 Description or Process; Mernsops or ANALYSIS 


A typical milling cutter is shown in Fig. 2. It will be seen to 
consist of many teeth whose cutting edges lie on a surface of 
revolution S. In a milling machine the cutter axis a, is inclined 
toward the worm axis a,. The milling cutter rotates about its axis 
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Fig. 2) Worm THreap MILLING CuTTER 


a,, and also has a translational motion parallel to a,, while the 
worm rotates about its axis a,. The correct relative motion is 
obtained if we suppose that the translation is transferred to the 
worm, which is then going through a screw motion, while the 
cutter merely rotates about its axis. 

In analyzing the shape cut by a milling cutter it is convenient 
first to neglect the effect of individual teeth of the milling cutter 
orof the hob. This in effect amounts to replacing the cutter by a 
grinding wheel having the shape of a surface of rotation S on 
which the actual cutting edges lie. 

In approaching the general problem of milling, hobbing, or 
grinding, say, a worm, it is proper, so to speak, to take up the 
“worm’s” point of view by placing oneself on the worm and watch- 
ing the cutting tool pass by. Thus in considering cutting a worm 
surface W by means of a milling cutter idealized into a grinding 
wheel having the shape of a surface of rotation S, one proceeds 
by taking axes fixed in the worm, and considering the positions 
of S relative to these axes as the cutting proceeds. These posi- 
tions of S will form a “family” of surfaces F, and the stock left 
on the worm will lie outside of all the members of this family. 
The worm shape W is thus the “envelope” E of the member sur- 
faces of F. At So, any one position of S, the curve of contact C 
of So with the envelope Z (that is, with W) marks the points of W 
at which the cutter is cutting at its deepest and leaving a per- 
manent trace on the worm. This curve C may be found by not- 
ing that during the motion of S relative to the worm the points 
of C move in paths tangent to S. Indeed, if the velocity vec- 
tor of a point P points in a direction external to the cutter sur- 
face S, then the cutter is actually advancing over P and remov- 
ing stock at the point in question; on the other hand, if the 
velocity vector of P points in a direction internal to the cutter, 
then the neighborhood of P has already been cleared by the 
cutter at some previous moment, as otherwise this interior could 
not be where it is. An exception to this rule may be found at 
sharp edges, if any, of the surface S. Points of the latter may 
cut at their deepest when either the relative velocity vector or its 
negative, if placed along the edge, does not point into the cutter. 

The foregoing considerations are entirely general and apply 
equally well to cutting, forming, hobbing, and grinding opera- 
tions, irrespective of how the motions are generated. More- 
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over, as will be shown in Part II of this paper, they also apply 
to the converse problems; for instance, where the worm W is 
given and the cutter shape S which will produce this worm is 
desired. The differences between these cases lie merely in the 
relative motions involved in the shapes of the moving surfaces. 

Since the worm undergoes a screw motion M, about its axis 
a,, to an observer on the worm the cutter (in addition to rotating 
about its own axis) appears to undergo an opposite screw motion 
—M, about a,. The familv F consists of the positions taken 
up by S during this screw motion. In considering this family 
the cutter rotation maybe neglected, and the curve of contact C 
may be found as the locus of points whose velocity due to —M, 
is tangent to So. 

In applying the considerations just outlined, two alternative 
procedures are possible. Thus, in the cutter-worm problem, 
one may obtain directly the path which any cutting point of 
the cutter edge describes relative to the worm or gear. For 
convenience these paths may be traced on or “projected” to a 
fixed axial plane by means of helices of the worm, and after 
several curves have thus been sketched, the actual shape is ob- 
tained as their envelope. On the other hand, one may calculate 
this envelope directly by applying the criterion of deepest 
cutting just described. 

The effect of individual teeth due to their finite number shows 
up in slight undercutting in the neighborhood of the curves or 
points of deepest cutting. It may be found by the direct method 
by extending the calculations of the paths of the cutting points 
in their true motion relative to the worm or gear to proper 
neighborhoods of the points of deepest cutting. 


3 Co-OrpInaTE AXES 


‘To describe the motion of the cutter and worm mathematically, 
and also to define the surfaces of the cutter and worm, it is con- 
venient to introduce several sets of axes. 

In Fig. 3, let the line a, represent the axis of the worm W, the 
line a,the axis of the cutter, the line OO, the common perpendicular 
tothese axes. Let the right-handed z, y, z axes with origin at O 
be fixed axes with Ox directed along OO, and Oz along a,; next 
we denote by O; and 1, y:, 2: an origin and axes which are fixed 
in the worm, move with it, and which initially coincide with the 
fixed x, y, z axes; similarly we denote by O2 and 2, ye, ze a fixed 
origin and fixed left-handed axes conveniently oriented relative 
to the cutter, with Oz. along the cutter axis a, and O2z2 along 
0.0. Finally we denote, by the subscript 3, axes fixed in the cut- 
ter and rotating with it, supposing that initially they agree in 
position with the preceding axes. Occasionally we will find it 
convenient to use cylindrical co-ordinates r, 0, z related to z, y, z 
by means of 

= rain 6, = {1] 


and similar co-ordinates distinguished by subscripts for the other 
sets of axes, for instance re, #2, 2, given by 


= 72 COS O2, Y2 = SIM O2, 22 = [2] 


where the minus sign is due to the left-handed system of axes, and 
the fact that positive 62 is used to indicate a right-handed rota- 
tion. 

The relations between the various co-ordinates include the 
relative motion of the cutter and the worm. To find these rela- 
tions, it is convenient to introduce vectors. We denote unit vec- 
tors along the z, y, z axes by 1, j, k, respectively; similarly we 
denote by i, ji, ki unit vectors along the 2, y:, 2: axes which are 
fixed in the worm; likewise for t2, j2, k2; is, js, Ks and the 22, y2,22 
and 2s, Ys, Zs AXes. 

Introducing the rotation of the worm about its axis a,, through 
an angle yu, the rotation \ of the fixed axes through OQ, relative 
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to the fixed system through O and the rotation through an angle 
u of the cutter about its axis a,, as well as other obvious relations 
which are observed in Fig. 3, one obtains the following relations 
between the various vectors 


=tcosp+ jsinu 

= —isinn + jcosp 
=k 
_ 
Oe 


k 


=—i, 
=jcos\ + ksink 
= —jsin\ + k cosh 


= (R, + 1,)1 


3 = COS sin Me 
js = SIN + Jo COS pe 
ks = ks 


Equations [3] with » = w,t describe the screw motion M, of the 
worm about its axis. Similarly, Equations [5] with u2 replaced by 
wt, and the origin O; stationary at Oz, represent the rotation of 
the cutter. 

The foregoing vector equations facilitate the passage from one 
system of co-ordinates to another one. Thus, if for the same 
point P 


OP = zi + yj + 2k... 
—> 


upon utilizing the obvious vector equation 


OP = 00, + O:P = (Ry + ry)t + OoP....... 
and Equations [4], one obtains 


OP = i(R, + ry — 22) + j(y2 cos — sin A) 
+ ke(y2 sin A + 2 cos A) 
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Comparing with Equation [6], and equating coefficients of 
i,j, k one obtains 


z= R,+1,— 2%, 
y Y2 COSA — SiNnA,?.... 
2 = y2 sin A + 22 cos A 


The reciprocal relations 


(Rp +r,)—2, | 
ys =ycosd +zsina, }. 
= —ysin\ +z cosa } 


are obtained in a similar fashion by solving Equations 
[4] for 7,7, k in terms of 72, jo, ke. 


4 Worm or Screw SurFaces AND THEIR SECTIONS 


In view of the variety of tooth shapes of worms and 
gears, and as a preliminary to the actual discussion of 
the cutting problem, it is advisable to consider first the 
geometry of worm or screw surfaces and of various sections 
of them. 

Denote the screw surface by W. Such a surface W is 
shown in Fig. 3, along with its axis a, (the z axis), pitch 
radius R,, and co-ordinates z, y, z (the cutter and its co- 
ordinates may be forgotten for the present). 

Among plane sections of worms W of special interest 
are the following: 

(a) The “axial section,” that is, a section by a half plane 
through the axis ay. 

(b) A section by a plane normal to the axis a,; this will be 
referred to as a “transverse section.” 


Both these sections are shown in Fig. 3. Two further sections 
of interest connected with the “pitch radius” Rp, are as follows: 


(c) The “normal section.” 
(da) The “normal helical section.” 


To introduce these, consider a helix of W at a distance R, from 
the axis; it is known as a “pitch helix” or ‘‘pitch line” of the worm, 
while its lead angle (also known as the “lead angle” of the worm) 
will be denoted by \. Now the normal section of W is a section 
by a plane through a pitch point P normal to the pitch line 
through P. It is shown in Fig. 4. 

To obtain the normal helical section, we draw on the pitch 
cylinder through a pitch point, a helix of lead angle (A + #/2) 
normal to the pitch line and to all helices lying on the pitch cylin- 
der and “parallel” to the pitch line. The normal helical section 
is obtained by “‘projecting”’ the points of the normal helix from the 
axis a, onto the surface W by means of lines normal toa,. This 
section is shown in Fig. 5. 

To obtain equations of W and its sections, note that the screw 
motion M, which is determined by the screw surface of the worm, 
if carried out with constant velocity w, is given by 


dr dé dz 
— = 0, = 
dt dt dt 
where L is the axial lead. The integration of Equations [11] 
leads to 


wt L 


. [12] 


as the equations of the helical path of the point initially at 
(ro, 8, 20), or replacing the rotation angle wt by », to 


r= = 0) + wt, Zz 
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Elimination of u shows that 
[14] 


is constant along each helical path. In terms of rectangular co- 
ordinates, the helix, Equations [13], becomes 


79 cos + = Xo COS — Yo Sin ) 
y = rosin (u + 0) = rosin + Yo COS |} 

| [15] 


r = f(z), = 0. .. {16} 


is the equation of the axial section of W in the z, z plane, the 
equation of the worm surface W itself is given by 


=f\z 
Another form of the equations of W can be obtained by starting 


with a point on the axial section Equation [16] 


= S (2), 


and displacing it along a helix of W 


[17] 


yo = 0, [18] 


Zo = 20. 


L 
r=f(z)cosu, y=f(z)sing, z= 20+ 


To obtain the equation of a transverse section by a plane nor- 
mal to the axis, it is only necessary to put z equal to a constant. 
Thus for z = zp there results 


as the polar equation of this section. 
= 0 yields 


In particular, the plane 
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6L 
= .. (21) 
( 
To pass to the normal plane section at the pitch point, we first 
note by differentiating Equations [15], that a tangent vector to 
the helix has components proportional to 


3 
Y, on 


In particular, placing the pitch point P on the z axis at (R,, O, O) 
the tangent vector, Equation [22], becomes 


L 
(0, Rp, 2 ) 


Hence the plane through P normal to the helix (or pitch line) is 
given by 


. [22] 
[23] 


L 
(x — Rp) -0 + (y—0) Ry, + (2 — 0) — 
2a 
L 
= +—z=0.... [24] 
The normal section at P is the intersection of W and the normal 
plane Equation [24]. Using the form Equations [19] for W 
and substituting in Equation [24], we obtain 
f(z) . uL 
(20) + — + % = 0. [25] 
2r 
This equation determines the angle u through which the point 
Equations [18] has to be turned along the helices Equation 
{19] until it lies in the normal plane. For a given zp this equa- 
tion must be solved for u by a graphical or by a trial-and-error 
method. After « has been determined, direct substitution in 
Equation [14] gives points of the normal section. If, say, x and 
y are determined in this way, then putting 
y =—ZainvX.......... [26] 
yields the shape of the normal section in terms of rectangular 
co-ordinates (xz, Z) in the normal plane proper. 
Fig. 6 shows an axial and normal section and their co-ordinates. 
The converse problem, where the normal shape is given and it 


is required to find the axial shape, is easier of solution. With 


as the equation of the normal section, we have for the initial co- 
ordinates in Equations [15] 


%=F(Z), y=—Zsind, Zcosnx.. . [28] 
Substituting in Equations [15] and equating y to zero 
y = F(Z) sinu — cosp = 0.. [29] 
whence 
‘ Z sin X (30) 
F(Z) 


Substituting this value of uw in the z and z Equations [15] we 
obtain 
x = F(Z) + Z sin X sin ) 


L 
= = 
z cos + on 


These allow one to determine the axial section parametrically in 
terms of Z. To obtain the axial section in the form Equation 
[16] directly, it would be necessary to eliminate Z from Equations 
[31]. 


Rp 
GA 
| 
lf 
(31] 


NORMAL SECTION 
PROFILE 


AXIAL SECTION 
PROFILE 


Fie.6 AxIAL AND NoRMAL SECTIONS 


We consider finally the normal helical section. From Equa- 
tion [14] we note that for any helix of the screw motion M, 


Hence for the pitch line 


dz 


tan \ = = [33] 
while for the normal helix 
dz 2rR, 
Lo [34] 
and integrating 
2 


This equation, together with Equation [17], specifies the section 
in question. 
If @ be eliminated from Equations [35] and [17] there results 


r=af \: E (+) = f [z(sec*A)]...... [36] 


Equation [36], if plotted in the plane @ = 0, represents the result 
of “unrolling” the normal helical section onto a plane, as de- 
scribed earlier in this section. 

The problem of specifying shapes of teeth is of importance 
both for worms and gears as well as for hobs. A great variety of 
shapes of teeth of worms and gears is common. An involute 
helicoid has a transverse section which is that of an involute of a 
proper base circle. A shape that is often used is one that is 
straight-sided in an axial section, similar to the common bolt or 
screw. For hobs, a profile with a straight-line normal section is 
sometimes employed. In connection with oil pumps, cycloidal 
transverse sections are sometimes used. The ability to pass from 
one section to another one is useful both from the point of view of 
specifying the shape desired, as well as when it comes to making a 
check of the profile, which is often done in the normal section. 
For hobs, the cutting edges generally lie in the normal helical 
section. With the passage from one section to another one clearly 
indicated, we shall in general confine ourselves to axial sections in 
the following analysis. 


5 Worm Svurrace Cot sy A GIVEN CUTTER 


The underlying ideas for solving the problem of what shape 
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worm tooth is produced by a given cutter have been indicated in 
section 2. Following out the direct method explained there and 
turning to Fig. 3, we proceed as follows: 


1 Start with a point P(r, 2) on surface of cutter in the axial 
plane 6. = 0. 

2 Rotate this point about the axis of cutter a, through an 
angle to P’(rs, 0s, 22). 

3 Find the co-ordinates r, z, and 6 of P’. 

4 Trace P’ to a point P’’ in the axial section 6 = 0 of the 
worm by following a helical spiral of the worm through P’ back to 
6 = 0. 

5 When the foregoing procedure is repeated for several values 
of 62, P’’ will outline a curve in the axial section @ = 0 which is the 
trace of the circular path of P’. The envelope EZ of several such 
curves plotted for different points P on the cutter surface will be 
the axial section profile of the worm. 


The second method is entirely similar to the first one except 
that P’ is chosen along C, the curve of deepest cutting. To 
this end, as will be shown, 2, 22 must satisfy the equation 


Z Sin \ cos + (R, + ry) [sin cos \—g’ sin + gg’ sind cos 
L 
+ — [sin sind\ + g’ cos AJ= 0...... [37] 


Let the profile of the cutter be 


so that P is given by 


A rotation through an angle 62 about a, rotates OP into 
O2P! = + isg(z2) = + i2g(z2) COs 02 — jog(22) sin Oy... . [40] 
so that the co-ordinates of P’ are given by 
= g(z2) cos O2, yz = —g(ze) sin 02, 22 = 22......... [41] 


Converting to x, y, z co-ordinates of P’ by means of Equation 
[9] 


= Rp + rp — g(22) cos ) 
Yo = + g(z2) cosAsin > ......... 
Z = 22. cos \ — g(z2) sin A sin 4, 


then to cylindrical co-ordinates, one obtains 


r= V + yo =tan~! 2% = 2....[ 43] 


Displacing P’ along a helix of W through P’ until one cuts the 
plane 6 = O leads to P’’ at 


r= V/ x + yo? = f(z), z=%—OOL/2r, @=0.. [44] 
The explicit relation between 62, z2 of P’ and z, z of its trace P’’ 
is given by 
z = [{R, + 7, — cos 62}? + sin ) 
+ g(z2) cos sin 622} 
= 2. cos — g(ze)sin Sin 42 
ee 1" sin A + g(z2)cos Asin 62 

Rp + rp — cos 62 


By keeping 22 fixed and varying @ one obtains the traces on the 
plane y = 0 of the circles corresponding to that fixed z:, and 
one constructs their envelope graphically. On the other hand, 


. . [45] 
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one may keep @; fixed and vary z, above, thus obtaining the trace 
of axial sections of the cutter on the axial section of the worm. 
While a different family of curves results, their envelope is still 
the same as before. In fact, the two families of curves may be 
thought of as covering the same region, the envelope in every case 
denoting the boundary of the region not covered by these points 
(hence left uncut). 

To proceed with the second method, we must locate P’ so that 
its velocity due to the screw motion M, is tangent to S. Apply- 
ing [22] to Equations [42] we obtain for the velocity components of 
P’ due to M, a vector lying along 


[46] 
where 


v, = 2 sin A + g(zz) cos A sin 4, vy = Rp + rp — g(zz)cos 62, 

To make this velocity tangent to S we shall render it perpendicu- 

lar to n, the normal to S at P’. Note that the derivative 


dz; 
dre dz» 
is the slope of the axial section 6. = 0 of the cutter at P. The 
normal to S at P is given by 
"(20)ks 
om . [47] 


The rotation from P to P’ carries this normal into the normal at 


P’; namely into 


ees [48] 


Substituting from Equations [5] and dropping the radical one 
obtains a vector n along the normal 


n, = COS 62, ny = sin 6: — g’ sin A, n, = sin 6: sin A + g’cos 
Finally, applying the condition that v is normal to n, one is led to 


as the equation for C. Substitution from Equations [46], [49] 
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For a given lead angle \ and each value of z, the Equation 
[37] has to be solved for the angle of rotation 42. 


6 EXAMPLE 


As an example consider the worm surface cut by a straight- 
sided cutter (see Fig. 7) with the following data: 


Ze 


Fic. 7 Currer PRoFILEe 


Pitch radius of cutter = 2.5in. = Rp 
Tooth thickness of cutter at pitch-line = 0.556 in. = T, 
¢ = cutter pressure anglef = 24°14'25.96’' = —cot™! 
(dg /dz2) 

g(z2) = Zz = —2.22089 z. + 3.11742 (in inches) 

g’ = dg/dz, = —2.22089 

Lead angle = 30 deg = \ 

Lead = 6.34830 in. = L 


Pitch radius of worm = 1.75 in. = Rp 


When these values were substituted in Equation [37], instead 
of solving for 62: as proposed, assumed values of 62 were taken and 
the equation solved for z2. This simplified the solution of Equa- 
tion [37], and allowed a high degree of accuracy without excessive 
trial-and-error calculations. The substitution of these values of 
62, 22, g in Equations [42], yields the co-ordinates 2x9, yo, 20 of the 
point C, the curve of contact of the cutter, and worm surfaces. 
These co-ordinates inserted in Equations [43] allow the deter- 
mination of a 4 which will make y = 0 and with this 4, the point 
r, 9 = 0, z on the axial profile is found by means of Equation 


[44]. Repetition of this procedure for seven values of 6; was 
carried out with the following results: 
xo yo Zo 60 r 

1.32120 —0.30542 —0.08666 13°1.0’ 1.35603 0.14287 
1.42856 —0.23595 +0.01407 9°22.7’ 1.44791 0.17945 
1.53689 —0.17270 0.10964 6°24.7’ 1.54657 0.22270 
1.64594 —0.11558 0.20018 4° 1.0’ 1.64999 0.27101 
1.75562 —0.06448 0.28592 2° 1.75681 0.32301 
1.86582 —0.01937 0.36701 0°35.7’ 1.86593 0.37750 
1.97641 +0.01979 0.44364 —0°34.4’ 1.97611 0.43353 


leads from Equation [50] to Equation [37].* 
* An alternative way of arriving at 

Equation [37] is by noting that along this 
envelope, the curves of the family cor- 2° 0.18130 2.71477 
responding to fixed values of z: in Equation 0° 0.23115 = 2.60406 

—2 0.27985 2.49590 
[45] are tangent to the curves Equations 32753239001 
[45] corresponding to fixed values of 62. —6° 0.37431 2.28612 
Now the vector whose components are eae 
Or Oz [51] 


is directed along the tangent to the curve obtained for fixed z: through 
the point in question, while similarly the vector 

Oe 

O22 
lies along the tangent to the member of the second family of curves 
through the point. The envelope may thus be obtained by making 
these two vectors parallel to each other, that is, by equating to zero 
the following determinant: 


This determinant is known as the “Jacobian” of the variables (z, 2) 
with respect to the variables (62, 22); it represents the ratio of the 


elements of area in the z, y and z2, #2 planes. Evaluation of J shows 
that Equation [53] is equivalent to Equation [37]. 

4 The cutter pressure angle = 24°14’25.96’" = ¢,. This value of 

the cutter pressure angle ¢, is obtained from the following relation: 

90 deg sin® 

= tan~! (tan~! cos\) + 


where J is the lead angle of the worm, = 30 deg 
n, the number of threads, = 5 
¢z is the axial pressure angle of the worm, = 25 deg 
The foregoing equation is sometimes used to obtain the relation 
between the cutter pressure angle ¢, and the worm pressure angle 
¢z (at their respective pitch points). In this case it was desired to 
produce a worm thread with an axial pressure angle of gy; = 25 deg. 
As the results of the subsequent calculations and Fig. 8 show, this 
equation is not exact, and the cutter with the pressure angle ¢ pro- 
duces a worm whose axial pressure angle is not exactly 25 deg, although 
it is very close to 25 deg. 


9G.) 
rp 
Ze % c 
is — g’ks 
[Oz Oz 
Oz2 Oz2 
| Oe Os 
| O62 Of: 


A-146 


The resulting profile is shown in Fig. 8 by the heavy solid curve. 
The deviation of this curve from a straight line passing through 
the pitch point and having a pressure angle ¢, = 25 deg is plotted 
in Fig. 9. 

The direct procedure was also carried out by taking a fixed 
value of z2, then using again the numerical relation for g(z.) = 
22, the co-ordinates 2, yo, 2 were found from Equations [42] 
for several different values of @. Then Equations [43] and [44] 
were used to determine r and z. The results for x» = 2.6 in. are 
given in the following table: 
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angle — A@w,/w, = —Aé@/60. This is the worm point at the 
time t = 0 which comes to coincide with P’ at the moment of 
cutting. The cylindrical co-ordinates of P’’’ are 


| x92 + Yo? = fo 
= 20 LA, ‘60 


where 7, 9, 20 are given by Equations [42], [43]. By using 
for 6. values which satisfy Equation [37] P’’’ outlines the curve 


62 22 yo 60 r 
0.23297 2.6 1.65159 ——0.19506 0.15639 6°44.1’ 1.66301 0.27522 
1.65039 —0. 15578 0.17908 §°23.5’ 1.65774 0.27415 
o° 1.65000 —0.11648 0.20176 = 1.65409 0.27297 
—1° 1.65039 —0.07720 0.22444 2°40. 7° 1.65220 0.27166 
—2° baie — 1.65159 —0.03790 0.24713 1738.9’ 1.65203 0.27031 


This procedure was repeated for several other values of 2. and 
the resulting r versus z curves are shown as the small solid curves 
in Fig. 8. The heavily drawn curve obtained by the first method 
using Equation [37] proves to be the envelope of these curves. 

The effect of the finite number of teeth was also investigated 
for the cutter under consideration, for the case of 16 cutter teeth, 
and a ratio w,:w, = 60:1 of cutter speed to worm speed. To find 
this effect it becomes necessary to follow the points of each cut- 
ting edge in their true motion relative to the worm. 

If the cutter tooth k = 0 passes through 6. = 0 at the timet = 
0 the cutting action which takes place at P’ (given by Equations 
[41],[42],[43]) should be referred toa different point P’’’ which is 
obtained from P’ by displacing P’ along a helix of W through an 
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C’ of deepest cutting on the worm surface by the tooth k = 0. 
The next teeth k = +1 will cut at their deepest at the same 
points P’ of C in space, but along similar curves which are sepa- 
rated from C’ by an angular distance 


== 360 deg am 5? 
16 X 60 


over W. Between these curves there is slight undercutting, 
leading to a maximum discrepancy at points midway between 
two curves C’. By plotting on the same diagram in the plane 
z = Othe projections of points P’’’ near the point of deepest cut- 
ting, one can by interpolation find the value of Aé@, for a point 
P of the cutting edge to reach this midway position. For P 
with mr. = 2.7 in. the value A# = 7’ was obtained in this way. 
From the calculations of Fig. 8 the discrepancy Az = 1075 in. was 
then found. 
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The Strength of Cylindrical Dies 


By G. SACHS? anv J. D. LUBAHN,? CLEVELAND, OHIO 


Internal-pressure tests on hot-rolled- and cold-rolled- 
steel cylinders yield pressure-expansion curves of the same 
shape as those determined mathematically. The value of 
the flow stress can be determined by finding the theoretical 
pressure-expansion curve which most nearly fits the data. 
Values of flow stress determined in this way agree closely 
with the yield strength found from a tensile test. Die- 
steel cylinders, heat-treated to hardnesses up to 62 Rock- 
well C, exhibit plastic flow before failure, and the stress- 
strain curve permits the calculation of the flow stress by 
this method. The flow stress increases with the hardness, 
reaching a value as high as 440,000 psi for a Rockwell C 
hardness of 62. It can be shown mathematically that a 
partly plastic cylinder may fail due to a circumferential 
stress which is well below the flow stress. Values of frac- 
ture stress determined from cylinder tests bear out the 
foregoing conclusion, although the fracture stress is 
slightly higher than that determined by tensile tests. 


INTRODUCTION 


r NHIS study was started as an attempt to investigate theo- 
retically and experimentally the bursting strength of a 
compound cylinder as it is now being used as an inserted 

die in heading and other forming operations. It was thought 
that the hard insert could be considered as a brittle metal, the 
strength of which is increased by the ductile casing which is 
shrunk on. However, preliminary tests, in which the changes 
of the outside diameter were measured as a function of the radial 
pressure, indicated that even a very hard die possesses some 
plasticity before rupturing. 

Consequently, the strength of a cylindrical one-piece or in- 
serted die cannot be determined by applying the simple elastic 
equations for a thick-walled tube but must be developed from 
the process of plastic yielding of such a hollow cylinder until frac- 
ture occurs. 

The plastic flow of a ductile, thick-walled tube has been previ- 
ously investigated by Cook and Robertson (1),* Bridgman (2), 
Macrae (3), and Nadai (4). However, their equations cannot be 
applied readily to the present problem. 

This problem involves the determination of the metal proper- 
ties, i.e., the vield strength and the fracture stress of a thick- 
walled brittle steel tube from measurements of the outside diam- 
eter taken while applying internal radial pressure. So far, the 
work has been restricted to one-piece cylinders. 

According to general conceptions, any ductile hollow cylinder 

1 Abstracted from a thesis presented by J. D. Lubahn in partial 
fulfillment of the requirements for the Master of Science Degree at 
Case School of Applied Science, Cleveland, Ohio. 

2 Case School of Applied Science, Department of Metallurgical 
Engineering. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Applied Mechanics 
Division, Pittsburgh, Pa., June 18-19, 1943, of THz AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1943.- Discussion received after the closing date 
will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


will exhibit three fundamentally different ranges while being pro- 
gressively loaded by internal pressure: (a) Below a certain limit, 
the metal will behave in a perfectly elastic manner, this condition 
being terminated when the innermost fiber of the cylinder is 
strained up to the condition of yielding. (b) With further in- 
creasing load, a plastic region develops and extends progressively 
from the inside to the outside until in the outside fiber the condi- 
tion of yielding is reached; and (c) then the whole cylinder ex- 
pands plastically under a load which increases only in proportion 
to the strain-hardening capacity of the metal. 

The strain which can be most readily measured is the ‘‘expan- 
sion,” or increase of outside diameter, during the loading of such 
a cylinder. It will be expected that this strain increases with 
different rates in the three load regions just discussed, Fig. 1: 
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(a) In the elastie range O-A, the strain or expansion is propor- 
tional to the load or stress (see Equation [8]); (6) in the partly 
elastic, partly plastic range A-B, the rate of strain increases pro- 
gressively from that in the elastic range to that of the plastic 
range; (c) in the plastic range B-C, the strain increases very rap- 
idly with the stress as compared with the elastic range, the rate 
of increase being infinite for an ideal metal which is not subject 
to strain-hardening, or possessing the simple stress-strain rela- 
tion illustrated in Fig. 2. The partly elastic, partly plastic range 
A-B, is infinitely small for an infinitely thin cylinder, but in- 
creases with increasing wall thickness. 

By definition, a completely brittle material fails before reach- 
ing the point A, while metal which ruptures somewhere between 
A and B may be designated as semiplastic. 
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This paper deals with the theoretical development of equations 
for the plastic flow of a hollow cylinder, and with their experi- 
mental verification: The equations permit the determination of 
(a) the yield strength of ductile and semibrittle metals; and (6) 
the rupture strength of a semibrittle metal. Both of these quan- 
tities are determined from an experimental pressure-expansion 
curve. A die steel, heat-treated to various hardness levels, was 
used for this investigation. 

In order to check the validity of the equations, tests were made 
first on a ductile metal which possessed little strain-hardening, 
and the normal yield strength of which could be determined. 
Cold-rolled low-carbon steel was selected as such a material, and 
an additional test was made on a hot-rolled steel. 

The equations were then applied to tests on a die steel, heat- 
treated to various hardness levels. An air-hardening high- 
chromium steel (1.5 per cent C, 12 per cent Cr, 0.8 per cent Mo, 
0.25 per cent V) used for heading dies, was selected for these 
tests. 


THEORETICAL ANALYSIS 
GENERAL 


Assumptions and Nomenclature. For simplicity, these calcula- 
tions will deal with a material which does not show any strain- 
hardening in the plastic state, i.e., its stress-strain curve Fig. 2, 
consists of two straight lines. The inclined line O-A represents 
conditions of pure elasticity, while the horizontal line A-B repre- 
sents conditions of pure plasticity, or continuous deformation 
under a constant stress K, which will be called the ‘flow stress.” 
The following nomenclature will be used: 


a = radius of hole 
b = radius of external surface 
Ci, C2, Cs, Cy = constants of integration 
e as a subscript denotes elastic state 
E = modulus of elasticity 
F = load (force) on piston 
K = flow stress 
m = Poisson’s ratio 
p = internal pressure 
p as a subscript denotes plastic state 
r = radius of boundary surface between elastic and 
plastic regions 
S, = circumferential stress 
S, = longitudinal stress 
= radial stress 
radial displacement of a point 
x = distance from axis of cylinder. 


Fundamental Equations of Elasticity. The stress and strain 
relations in a thick-walled tube under internal pressure have 
already been investigated (5). For convenience, the most funda- 
mental of these relations are reproduced herein. 

The differential equation of equilibrium for an element of vol- 
ume in the wall of the tube is 


This applies both to the elastic and plastic states. 
The stresses in the tube are 


(8), = E +m) + |... 2) 
—m 


1 


‘The authors are deeply indebted to Mr. C. Harvey, Chief 
Metallurgist, Lamson and Sessions Company, Cleveland, Ohio, 


for preparing, heat-treating, and grinding a number of specimens. 
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(Ss), 


+ m — 20 ta 
x 
and the radial displacement of a point is 


Co 


If the entire tube is in the elastic state, these stresses become 


a* b? 
(Si), = (: + 4 [5] 
pa’ b? 
and the radial displacement of a point is 
px(1 — m) p(l + m) 


The Modulus of Elasticity. From Equatian [7] an expression 
for modulus of elasticity can be derived in terms of measured 
quantities, internal pressure p, and the change in radius of the 
external surface u,, later called “expansion.”” The latter quan- 
tity is the value of u when z = b, which from Equation [7] is 


2pba? 


— a) 


from which the modulus of elasticity is obtained 


Fundamental Equations of Plasticity. Two theories of plastic 
flow will be considered (6). The maximum-shear theory is 
mathematically simple, but gives results which are likely to be 
as much as 15 percent inerror. The energy-of-distortion theory 
gives results which agree more closely with experimental results, 
but the mathematics becomes very complex. 

According to the maximum-shear theory, plastic flow occurs 
when the difference between the largest and smallest principal 
stresses is equal to the flow stress. In a tube subjected to internal 
pressure, the longitudinal stress is presumably zero; the radial 
stress S; is always negative, and the circumferential stress S, is 
always positive. Consequently, S, is the largest principal stress 
and S;, is the smallest, so that the condition of yielding is 


According to the energy-of-distortion theory, the condition of 
yielding is 


2K? = (S, — S,)? + (Sy S:)? + (S: — S;)?.... [11] 


Since the longitudinal stress S, is zero, Equation [11] reduces, for 
the problem considered, to 


2K? = (S, — S,)? + S,? + S,#.......... [12] 


Conditions of Incipient Yielding. Yielding begins at the sur- 
face of the hole, and this can be shown as follows: The value of 
p which will cause flow at any point in the tube, under otherwise 
purely elastic conditions, is obtained by substituting the elastic 
stresses, Equations [5] and [6], into the maximum-shear condition 
for yielding Equation [10], obtaining 


| 
| | 
Uy b? — a? 
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This equation shows that the smallest pressure to cause yielding 
corresponds to the smallest possible value of z, namely, z = a. 

The same conclusion is reached, by a similar procedure, for the 
energy-of-distortion theory. 


ANALYSIS OF ParTLy PLastic TUBE BY MAXIMUM-SHEAR THEORY 


Since any elastic tube begins to yield at the inner surface, then 
there will be a progressive yielding in a tube beginning at the 
surface of the hole and continuing to the outside surface. Con- 
sider a tube in which plastic flow has progressed outward to a 
radius r, as in Fig. 3. 


Fic. Cross SEcTION oF CYLINDER Has BeGun To YIELD 


Equations of Plasticity. The stresses in the elastic region are 
given by Equations [2] and [3]. The stresses in the plastic region 
are obtained by solving the differential equation of equilibrium, 
Equation [1], imposing the condition of yielding, Equation [10], 
which gives 

(Si), = + In zr + C3) [14] 


Derivation of Equation for Pressure-Expansion Curve. The 
constants of integration are determined from the boundary condi- 
tions 


when =a 
(Ss), 


when r =r 


P 


when z = b 


(S),=0 | 


Inserting the constants so determined in Equation [4], and find- 
ing (u,) for z = b, the equation 


2Kr*b r 


is obtained, which gives the change in outside radius in terms of 
the distance r, to which plastic flow has proceeded and the pres- 
sure p, which caused this flow. 

The pressure which is necessary to cause plastic flow to pro- 
ceed to a radius r, can be found by using the fact that the metal 
in the elastic region at x = b is on the verge of yielding, that is 


(Si), (Ss), = K [18] 


By substituting Equation [19] in Equation [17], we obtain 


from which 
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which, together with Equation [19] constitutes a pair of para- 
metric equations (parameter r) for the pressure-expansion (p 
versus u) curve. The parameter can be eliminated, giving the 
single equation 


in which the subscript has been dropped, for convenience. Equa- 
tion [21] has been plotted in Fig. 4 as curve A, for K = 90,000 
psi, a = 0.3 in., b = 0.8 in. 

Conditions at Limit of Elasticity and for Total Plasticity. The 
values of p and u,, when yielding first begins at the surface of the 
hole, are found by substituting r = a in Equations [19] and [20], 
as well as Equation [13], giving 
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Fie. 4 THEORETICAL PREssURE-EXPANSION CURVES FOR CYLINDER 
(K = 90,000 psi; ID = 0.3 in.; and OD = 0.8 in.) 


The values of p and u, at the moment when the entire cylinder 
becomes plastic are found by substituting r = b in Equations [19] 
and [20], giving 


Tangency to Elastic and Plastic Lines. The slope of the p 
versus u curve where r = a (point A of Fig. 1) is found by differen- 
tiating Equation [21] and inserting the value of u given by Equa- 
tion [23]. This results in 


which is the same as the slope of the elastic line as given by 
Equation [9]. 

The slope of the p versus u curve, where r = 6 (point B in Fig. 
1) is found by differentiating Equation [21] and inserting the 
value of u given by Equation [25]. This yields 


K ubE 
K a? 
dp E{b?—a? 
Kr? d 
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Thus, the branch of the curve representing a partly plastic state 
(line AB in Fig. 1) is tangent to the elastic part OA on the lower 
end and is tangent to the plastic part BC on the upper end. 
Stress Distribution. The stress distribution at any stage of 
progressive plastic flow can be determined as follows: The 
stresses are given by Equations [2] and [3] for the elastic region 
and by Equations [14] and [15] for the plastic region. By substi- 
tuting the constants determined from Equation [16] and the 
value of p from Equation [19], we obtain the elastic stresses 


72 + 2? 


[28] 
_ rt (b? — 2? 
(S:), = —K ( ) [29] 
and the plastic stresses 
r 
(Si), = K (: —In ) (30) 
— 
(Ss) > = —K (1 ‘ [31] 
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Fic. 5 DisTrRrBuTion oF RapIAL AND CIRCUMFERENTIAL STRESSES 
IN CYLINDER 
(K = 90,000 psi; ID = 0.3 in.; OD = 0.8 in.) 


These are plotted in Fig. 5, for various values of r, for the same 
tube as that in Fig. 4. 
The maximum circumferential stress (S;)max is the value of S, 


when x = 7; thus 
b? + 1? 
(S;) max = K ) [32] 


It is desired to have (S;)max expressed as a function of p rather 
than of r, so Equation [82] is combined with Equation [19], which 
gives the value of p when plastic flow has proceeded to a radius r, 


yielding 
b 2(S1) max Pp 
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This is an implicit expression for (S:)max, Which can be solved by 
the method of trial and error. 


ANALYSIS OF Partity Puastic BY ENERGY-OF-DISTORTION 
‘THEORY 


Derivation of Equation for Pressure-Expansion Curve. The 
method of analysis in this case is exactly the same as in the case 
of the maximum-shear theory. To obtain the stresses in the 
plastic state for the energy-of-distortion theory, the differential 
equation of equilibrium, Equation [1] must be solved when the 
condition of flow, Equation [12] is imposed. Eliminating (S)), 
and integrating, an implicit expression is obtained for (3), 


(Ss) 


2K 


v [4K? — 3(Ss),7] — (Ss) p 

As in the case of the maximum-shear theory, the boundary condi- 
tions, Equation [16], are used with the elastic stress Equation [3] 
and the plastic stress, Equation [34], to determine the constants 
of integration ¢, c2, and cy. Inserting these constants in Equa- 
tion [4], we obtain the following implicit expression for the expan- 
sion u,, in terms of r and the corresponding value of p, i.e., the 
pressure causing plastic flow outward to a radius r 

| 

a 2 2K 


2K | 
V(4K? — 3p*) + p 


= are sin 


4Kbr? 
2K 


3E2u?(r? — b?)? Eu(r? — b*) | 
2br?2 


Also the pressure necessary to cause plastic flow to a radius r, can 
be found from the condition 


2K? = [(S:), — + (Si)? + (Ss),? 


at the point z = r. 


V3 


—— are sin 
2 


+ 1/2In 


This leads to the equation 


3p? 
r 

= ——arcsin| | + In- 
a 


2 2/(r* + 3b4) 


_ b—r 


Combining Equations [35] and [37] to eliminate p yields 
v3 are sin + 1/21 l 3(b? 
ve are si Euv’3 — 
+ 3b‘) 2 


3E*u?(b? — Eu(b?—r?) 
AL 16K*b?r4 | i | 4Kbr? | - [38] 


Equations [37] and [38] are the parametric equations (parameter 
b) for the p versus u relation, from which b cannot be eliminated, 
but which can be used to plot p versus u by choosing a set of val- 
ues for b and solving by trial and error for p and u, respectively. 
This has been done (curve B in Fig. 4) for the same tube as repre- 
sented by curve A. 
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Conditions of Total Plasticity. The pressure necessary to cause 
the entire tube to yield can be found from Equation [37] by sub- 
stituting r = b 


Approximation to Results of Energy-of-Distortion Theory. The 
numerical procedure of plotting p versus u for the energy-of- 
distortion theory is tedious. It was found that the following 
procedure would give nearly the same curve with considerably 
less difficulty: Plot the curve obtained by the maximum-shear 
theory, and then multiply all the ordinates by the ratio of the 
pressures required for total yielding, as computed by the energy- 
of-distortion theory and by the maximum-shear theory. These 
pressures are given by Equations [37] and [24], respectively. 
This procedure has been carried out for the case shown in Fig. 4, 
and the result is curve C. Putting the foregoing procedure in 
equation form 


In (b/a) = 


3 ‘ 
are sin 
2 


p from Equation [37 ' 


i s ‘) = (ordinates to A ; 
(ordinates to C) (ordinates to A) 


The closeness of the approximation for a particular case can be 
checked by comparing the approximation curve C with the correct 
curve B, 

NuMeErIcAL EXAMPLES 


The application of the equations and methods developed will 
be illustrated by a set of sample calculations for cold-rolled-steel 
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cylinder No. 5, the data for which are given in Fig. 9. (The cross- 
sectional area of the piston in this test was 0.0769 sq in.). 
Modulus of Elasticity. The formula for the modulus of elas- 
ticity is given by Equation [9] 
2ha? 
u a b? — a? 
The slope of the elastic line in Fig. 9 is 8.44 X 106 lb for 1 in. 
expansion. Consequently 


x 0") (? 0.731 X 0.313? 


0769 0.7312 — 0.313? 


= 36.0 X 10° psi 


Flow Stress or Yield Strength Calculated From Condition of Total 
Plasticity According to Maximum-Shear Theory. The flow stress 
is related to the pressure pg, when total plasticity is attained 
according to Equation [24] 


_ 
In (b/a) 


CAD-ROLLEO STELL O749 000 


rf | 
r J 


|. WOT STEEL O752 QA 


Q Or 02 a3 04 OS 
LLONGATION 


Fig.8 Stress-Strain Curves ror AND Hot-Ro.uER 
STEEL 


T 
| 305,000 PS/ 
6000}— —— (— 95,000 — 
J000}— 
SLOPE 
| 
} COLD-ROLLEO STEEL 
> 402033" 
On 
T T 
6000 705,000 PS/ 
6000 
Q | 
|__| 
| | 
2000|-¢- 0-ROULED STEEL} 
| NO IS 
| 
| 


Fig. 9 ExpeRIMENTAL PREssURE-EXPANSION CuRVES FoR CoLp- 
ROLLED-STEEL SPECIMENS 


[2ha] 
$0,000 
| | 
N | 
30Q0 
ai | iE l | | | 9 
SZ 


A-152 


Because of the strain-hardening characteristics of cold-rolled 
steel, the pressure-expansion curve is not horizontal for conditions 
of total plasticity, as is the branch BC of the ideal curve in Fig. 1. 
Also, the point of total plasticity B, is reached at an expansion, 
which involves considerable plastic flow in the inner portion of 
the cylinder. If the metal is subject to strain hardening, the 
pressure pg at this point will be increased correspondingly. 
Consequently, the pressure pg, which is desired for use in Equa- 
tion [24a], cannot be found directly. However, the desired 
value can be obtained by extrapolating the slightly sloping, prac- 
tically straight line representing total plasticity, until it intersects 
the elastic line extended. This procedure gives a value of pz, 
corresponding to zero strain hardening, and leads to a value of 
K which should be compared with the yield strength as deter- 
mined from a tensile test. 

The extrapolated load at B, Fig. 9, is Fg = 6500 lb, so that 


500 
PB = ~ 84500 psi 

84,500 

C = 99,000 psi 


~ In (0.731/0.313) 


Flow Stress Calculated From Conditions of Total Plasticity Ac- 
cording to Energy-of-Distortion Theory. The flow stress for total 
plasticity as calculated from the same pressure, pg = 84,500 psi, 
by the energy-of-distortion theory, is given by Equation [39], 
which with the data for the cold-rolled-steel specimen No. 5, Fig. 
9, becomes 


2 
0.848 = 0.866 are sin + 1/2l1n 


Try K = 90,000 psi, ps/K = 0.938 
0.848 = 0.820 + 0.025 = 0.845 
Right side is 0.003 too small. 
Try K = 95,000 psi, pg/K = 0.890 
0.848 = 0.760 + 0.046 = 0.806 
Right side is 0.042 too small. 
Try K = 89,000 psi, ps/K = 0.950 
0.848 = 0.836 + 0.021 = 0.857 
Right side is 0.009 too large. Thus K is close to 90,000 psi. 


Flow Stress by Curve-Fitting According to Maximum-Shear 
Theory. The value of K can also be determined by finding the 
theoretical pressure-expansion curve for a particular value of K 
which most nearly fits the experimental data. In Fig. 9, theo- 
retical curves have been drawn for values of K of 105,000 psi, 
98,000 psi, and 94,000 psi, in addition to the experimental data for 
cold-rolled-steel specimen No. 5. The best value of K can be 
seen to be about 97,000 psi, if those points are given the most 
weight which lie closest to the elastic line, i.e., where the strain 
hardening is small. 

As an example, the curve for K = 105,000 psi is determined as 
follows: The pressures at the lower and upper tangent points, 
respectively, A and B, in Fig. 1, are given by Equations [22] and 
[24] 


K a? 105,000 0.313? 
Pa - 42,800 psi. . [22] 
0.731 
Pg = K In (b/a) = 105,000 In aaa = 89,000 psi........ [24] 
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and corresponding loads are 


F'4 = 42,800 X 0.0769 = 3290 Ib 
Fs = 89,100 X 0.0769 = 6850 lb 


The corresponding values of u are given by Equations [23] and 
[25]. In these formulas, the value of modulus of elasticity will 
be used which was determined from the slope of the elastic line, 
i.e., 36.0 X 10° psi. This, in effect, is using the elastic line to 
calibrate the gage, which was assumed to have a proportional 
error that accounted for the incorrect moduli of elasticity ob- 
tained in some cases. Then 


Ka? _ __105,000 (0.318)? 
bE 0.731 X 36.0 X 108 


Kb 105,000 X 0.731 
u = 
36.0 X 10° 


= 0.39 107 in. 


= 2.13 X in. 


To plot the part of the curve between these two points, suitable 
intermediate values of (u), e.g., uw = 0.97 K 107% in., and w = 
1.55 X 1078 in., are substituted in Equation [21], yielding the 
corresponding pressures p; and pe 


(288 x 36.0 X 10° 
105,000 ).97 


2 105,000 X 0.313? 


36.0 X 108 X 0.97 
8i 
( 105,000 X 0.731 ) | 


Also 


105,000 | 36.0 X x 8) 
= ——— | In 


2 105,000 X 0.313? 


36.0 10° X 1.55 
— | ——————— } +1 | = 86,900 psi 
( 105,000 X 0.731 ) + | or 
The corresponding loads are 
F, = 76,500 X 0.0769 = 5880 Ib 
F, = 86,900 X 0.0769 = 6670 lb 


Thus four points for plotting the load-expansion curve for K 
= 105,000 psi, Fig. 9, are obtained 


Load, Ib u(10~*in. ) 
3920 0.39 
5880 0.97 
6670 1.55 
6850 2.13 


Flow Stress by Curve-Fitting According to Energy-of-Distortion 
Theory. The value of K = 97,000 psi, found by curve-fitting for 
cold-rolled-steel specimen No. 5, was based on the maximum- 
shear theory. This value can be corrected by using the condi- 
tions of Equation [40]. In order to obtain the flow stress, ac- 
cording to the energy-of-distortion theory, the value of K = 
97,000 psi, has to be multiplied simply by the ratio of the flow 
stresses calculated from the condition of total plasticity for the 
energy-of-distortion theory and the maximum-shear theory, i.e., 
90,000 
99,000 

Thus, the flow stress K, by curve-fitting and according to the 
energy-of-distortion theory, becomes 


90,000 


K = 97,000 (sasee) = 88,000 psi 


Maximum Circumferential Stress at Fracture. The calculation 


of the fracture stress, i.e., the maximum circumferential stress 
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TREATED, Die-STREL SPECIMENS 


present in a partly plastic cylinder at the moment of failure, can 
be illustrated by using the data for die-steel specimen No. 4, Fig. 
ll. (The cross-sectional area of the piston in this test was 
0.0769 sq in.) 

This fracture stress is given by Equation [33] 


(S1) max in b 22" 
K a K 


here py, tl failure, i ae 247,000 psi. TI 
where py, the pressure at failure, 1s 0.0769 ~ A psi. 1us 
342,000 0.3145 171000 342,000 
= In 3.332 \ (Si)mes _ | + 0.283 
171,000 


Try (S:)max = 200,000 psi 
0.585 = 0.599 


Right side is 0.014 too large. 
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Try (S;)max = 190,000 psi 


0.555 = 0.333 
Right side is 0.222 too small. 
Try (S,)max = 198,000 psi 
0.579 = 0.562 


Right side is 0.015 too small. 


Thus, the fracture stress is close to 199,000 psi for this cylinder. 


EXPERIMENTAL INVESTIGATION 
TESTING PROCEDURE 


In order to test a hollow cylinder or die, it must be strained to 
failure. From the calculations it was estimated that radial pres- 
sures in the neighborhood of 400,000 psi would be required to 
burst a cylinder which had been designed with as great strength 
as was practical. It is obvious that an apparatus strong enough 
to produce this pressure would involve a great many difficulties. 

Consequently, a simpler method was devised. The bore of the 
cylinder to be tested was filled with a fluid, and pistons were 
forced into both ends by a hydraulic testing machine. 

The pistons were made from fully hardened steel, since any 
softer material would bulge out between the cylinder and fixtures 
before failure of the cylinder. However, pistons hardened to 60 
Rockwell C withstood a compressive stress of 600,000 psi, but 
still the cylinder would not fail. This was ascribed to the elastic 
bulging of the pistons. If a good fit was made between the pis- 
ton and cylinder so that the fluid did not leak out, then the elastic 
bulging of the piston was greater than the clearance, and the pis- 
ton would bind in the hole. This caused additional load on the 
piston to be transformed not into hydrostatic pressure in the 
fluid, but into vertical frictional force in the cylinder walls. To 
overcome this difficulty, the pistons were made a good fit for a 
length of only '/s to '/is in. at the end, but were reduced by 0.002 
to 0.004 in. in diameter over the remainder of the length where 
contact with the specimen might occur during testing. Also, 
in testing soft specimens, the hardened pistons scraped shav- 
ings off the inside of the hole if there was any slight misalign- 
ment; and to avoid this the corners were rounded off slightly. 

Thus, the type of piston finally used was of the form shown at 
the right in Fig. 6. The pistons were backed up by hardened- 
steel plates to prevent them from punching holes in the heads of 
the testing machine. It was found that this method was satis- 
factory in that a sufficiently large hydrostatic pressure could be 
developed to cause failure of the hardened-steel cylinders, and 
that this pressure could be determined with sufficient accuracy by 
dividing the load (as recorded by the testing machine) by the 
cross-sectional area of the piston. 

Regarding the liquid, it was found necessary to use a material 
at least as viscous as paraffin if excessive leakage was to be 
avoided. Even with paraffin some tests were terminated by leak- 
age before the cylinder reached the completely plastic condition 
or failed. If such cylinders were refilled with paraffin and re- 
loaded, rupture frequently occurred before the previous load was 
reached. In many cases, the specimen failed at a reduced load on 
the second test, even though apparently no plastic flow occurred 
on the first test. Such premature failures have not been fully 
explained, but appear to represent some sort of fatigue effect. 
In later experiments, rubber plugs were used with success as the 
fluid and were apparently as good as paraffin. Tests on ductile 
cylinders were terminated by extrusion of the rubber between the 
piston and the hole. 

The cylinders were tested inside of a thick-walled steel protec- 
tion tube. The diameter changes were determined by means of 
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an extensometer. An Ames gage was used which could be read 
to the nearest 0.00001 in. by estimating tenths of a division. 
This was mounted on a C-shaped frame so that its pin touched 
one side of the cylinder, while a pin fixed in the frame rested 
against the other side of the cylinder, Figs. 6 and 7. This exten- 
someter was attached to the specimen so that it could move with 
the specimen but was also free to rotate about the hardened-steel 
points, as necessary, to allow for movements on the side of the 
cylinder touching the fixed pin. It was found necessary to use 
very short hardened-steel points to keep the distance from the 
fixtures to the ends of the specimens at a minimum. 

As the breaking of the specimen damaged the mechanism of the 
Ames gage when the pin of the gage was in direct contact with 
the specimen, a lever arrangement was used in later tests. Thus, 
when the cylinder expanded, the pin of the gage followed the 
lever, and when the cylinder burst, the lever was pushed away 
from the gage, doing no harm. The lever ratio was determined 
by calibration. The use of the lever resulted in the peculiar dif- 
ficulty that the elastic modulus was found to be constant for 
any one test but different for different tests and as a rule too high. 
The source of this difficulty was not fully explained, but probably 
was due to variations of the lever ratio from test to test. The 
extensometer was counterbalanced in two perpendicular direc- 
tions so that it would not exert any torque on the specimen. 

The holes in the hot-rolled- and cold-rolled-steel cylinders were 
left with a reamed finish, while the holes in the die-steel cylinders 
were ground and lapped to fit the pistons. The proper fit (for the 
use of paraffin as the fluid) was found to be such that the piston 
to be used for testing would drop out of the hole, while one 0.0002 
in. larger would not drop out when the cylinder was suspended 
vertically. This accuracy of fit was required to sustain the neces- 
sary pressure for a sufficient length of time to obtain the readings 
without having the fixtures touch the frame of the extensometer, 
because of slow leaking of paraffin. 

When using rubber as the fluid, the total clearance between 
piston and cylinder can be as much as 0.001 in. without extrusion 
of the rubber between the piston and cylinder wall. The cylindri- 
cal pieces of rubber to be used as the fluid in the specimens were 
cut out of amber pure-gum stoppers. The stoppers were fitted 
in a piece of metal having a hole with suitable taper. A No. 5 
(for 5/1.-in. holes in the specimens) cork borer was pushed in with 
the tailstock, as the rubber stopper was rotated in a lathe. 
Liquid soap was used as lubricant, and the borer was removed 
to apply more soap as often as necessary. The procedure yielded 
plugs with only a slightly irregular cylindrical surface. The 
rubber plugs were coated with soap to prevent friction during 
the tests. 

Only those tests which yielded uninterrupted and smooth 
stress-strain curves were evaluated. Because of the various 
difficulties, approximately 50 per cent of the tests gave unsatis- 
factory results and were discarded. 


Test oN AND Hot-Ro.iep 
The yield strength of the cold-rolled steel was determined as 
K = 90,000 psi 
from the stress-strain curve in tension, Fig. 8. This stress-strain 
curve only approximates the ideal condition, consisting of two 
straight lines as represented in Fig. 2. 

The load-expansion curves of the five cold-rolled-steel cylinders 
which yielded accurate results were evaluated according to the 
theoretically developed conceptions as follows: 

The first straight portion of the curves, Fig. 9, permits the 
elastic modulus £, according to Equation [9], to be determined. 

The completely plastic range appears as a slightly inclined 
straight line in the pressure-expansion curves because of the 
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effect of strain-hardening. Consequently, for the load pg, repre- 
senting the initial flow stress AK, the value extrapolated from this 
plastic line onto the elastic line was taken, thus eliminating the 
effect of strain-hardening. 

The yield strength AK can also be determined from the curva- 
ture of the semiplastic part (A-B, Fig. 1) by fitting it into 
theoretical curves, calculated, as previously explained, with 
various AK values. The theoretical curve which agrees with the 
experimental pressure-expansion curve yields the desired value of 
K. 

All the values of AK determined so far have been calculated on 
the basis of the maximum-shear theory and, thus, are presumably 
in error. Assuming the energy-of-distortion theory to be the 
more nearly correct for the purpose of such calculations, the fore- 
going values of K will be somewhere between 10 and 15 per cent 
higher than the true yield strength. As previously explained, 
corrections can be made for the value of A, as determined from 
conditions of total plasticity and by curve-fitting. 

In Table 1 are assembled the values of the modulus of elasticity 
and the values of K, as calculated by the foregoing various 
methods outlined. 


TABLE 1 MODULUS OF ELASTICITY AND K VALUES 
Modulus of 


Test Length, Outside diam, Inside diam, elasticity, 
no. in. in. in. 108 psi 
5 2 0.731 0.3130 36.0 
9 2 0.731 0.3130 22.3 
10 2 0.714 0.3128 30.8 
15 2 0.728 0.3123 33.2 
13 2 0.733 0.3125 28.7 


Yield strength, 1000 psi 
Maximum-shear theory ~ —Energy-of-distortion theory-~ 


Test y curve- From total By curve- From total 
no. fitting plasticity fitting plasticity 

5 97 99 8S 90 

9 104 94 

10 96 101 87 91 

15 103 99 93 90 

13 94 85 

Average 99 100 89 90 


It can be seen that the values of A agree closely with the yield 
strength from the tensile test, 90,000 psi, as long as the calcula- 
tions are made on the basis of the energy-of-distortion theory. 
The values found by curve-fitting are not quite so consistent as 
those determined from conditions of total plasticity, but the 
former method is more :mportant because it is the only one ap- 
plicable to semibrittle specimens. 

The modulus-of-elasticity values for four cylinders (including 
No. 10), which were measured with micrometers, agreed with the 
accepted value of 30,000,000 psi within +6 per cent. The values 
for the other cylinders (No. 5, No. 10, No. 15, and No. 13) devi- 
ated by as much as 25 per cent. These specimens were measured 
with the gage, which showed a uniformly proportional error that 
has been taken into account, as explained previously. 

An additional test was made on a cylinder made from hot-rolled 
steel. The stress-strain curve from a tensile test, Fig. 8, indicates 
a yield strength of 41,200 psi. This stress-strain curve agrees 
closely with the theoretical curve of Fig. 2. A test on a cylinder, 
having an outside diameter of 0.736 in. and an inside diameter of 
0.313 in., resulted in the pressure-expansion curve, Fig. 10. This 
curve gave an uncorrected yield strength from conditions of total 
plasticity of 45,600 psi and a corrected value of 41,200 psi, which 
coincides with that obtained from the tensile test. 


Test oN Heat-TrREATED Dike STEEL 


The tests on cold-rolled- and hot-rolled-steel cylinders prove 
that the method of curve fitting yields the proper value of yield 
strength. Consequently, this method was used to determine the 
yield strength of the die-steel cylinders, heat-treated to various 
hardness levels. 
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13. Fractrure-Stress VALuES From CYLINDER TESTS AND 
TENSILE TEstTs 


(Compared with previous values of tensile strength, measured by S. W. 
Lyon, Bibliography 7.) 


Fig. 


Some load-expansion curves, obtained for these cylinders, are 
assembled in Fig. 11, and fitted to the theoretical curves calcu- 
lated for various K values, The resulting yield-strength values 
K are assembled in Table 2 and plotted in Fig. 12 against the 
hardness. 

The relation between hardness and yield strength is quite defi- 
nite and agrees well with general conceptions. However, the 
tests indicate that steels which are usually considered as brittle, 
i.e., having a Rockwell C hardness of 55 or higher, possess a cer- 
tain amount of ductility when tested as cylinders. The hardest 
cylinder investigated yielded at the surface of the hole at a shear 
stress corresponding to a yield strength in tension of 440,000 
psi. 

For such conditions, plastic flow will not progress throughout 
the wall, but failure will occur when the plasticity has progressed 
more or less deeply into the wall. From the breaking load, or 
pressure, in combination with the pressure-expansion curve, Fig. 
11, the fracture stress can be calculated, as previously discussed. 
The values of fracture stress thus obtained for the cylinders which 
broke before total plasticity was reached are also assembled in 
Table 2. 


The fracture stress was also determined from tensile tests of 
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TABLE 2. RESULTS OF TESTS ON HEAT-TREATED DIE-STEEL 
CYLINDERS 
Tempering 
- —Dimensions— — temperature, 
OD, in. ID, in. deg F 
1.049 315 1506 
1.046 315 37: 
1.048 315 
1.047 312 
0.626 
1.001 313 


Rockwell C 


Test no. hardness 


Fracture stress, 
1000 psi 


Ductile 


Yield strength (K), 
1000 psi 


two specially prepared specimens having hardnesses of 61 and 62 
Rockwell C. Threaded-end specimens were ground longitudi- 
nally in the center to a radius of 5 in. and tested in self-aligning 
fixtures. The fracture-stress values, determined both by tensile 
tests and by cylinder tests, are plotted in Fig. 13 along with the 
results of earlier tests by Lyon (7) on a series of carbon-steel speci- 
mens having various hardnesses. 

The values obtained for fracture stress in tensile tests are 
slightly smaller than those derived from tests on cylinders. The 
pronounced scattering of the fracture-stress values may be due 
either to some irregularity in load application or possibly to an 
inherent lack of consistency in brittle materials. 

It is particularly significant that all the fracture-stress values, 
as determined by either tensile tests or cylinder tests, are well 
below the flow stress. In the case of pure tension, this situation 
would be designated as ‘‘brittle,”’ i.e., no plastic flow occurs before 
failure. In contrast to this, a cylinder under internal pressure is 
a case of biaxial stress, consisting of tension in the circumferen- 
tial direction and compression in the radial direction. Plastic 
flow occurs when the difference between the circumferential and 
radial stresses equals the yield strength (or up to 15 per cent 
greater than the yield strength in tension for the more exact 
theory). 

Since these two stresses are of opposite sign, the difference may 
become very large without the appearance of a circumferential 
tension that is large enough to cause failure. Thus, the biaxiality 
of stress in a hollow cylinder accounts for the ductile behavior of a 
metal which is brittle in tension. This is a special case of the 
well-known generalization that the addition of hydrostatic pres- 
sure to any stress state causes the material to be more ductile (6). 
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Photoelastic Separation of Principal 
Stresses by Oblique Incidence 


By D. C. DRUCKER,' CHICAGO, ILL. 


Rotation of a two-dimensional model about an axis in its 
plane is suggested as a simple and quite rapid means of 
obtaining p and q separately. A determination of re- 
tardation (fringe order) in an oblique position is all that is 
required in addition to the usual photoelastic measure- 
ments. Experimental and theoretical evidence is pre- 
sented to show that accurate results can easily be obtained 
when the principal stress is of significant magnitude. The 
method can also be applied in three-dimensional studies. 


INTRODUCTION 


HE state of stress in a plane can be completely specified 

by giving the principal stresses, p and gq, and their orienta- 
tion @ (Fig. la). There are many experimental methods 
available for determining some or all of these quantities, each 


q 
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Fic. 1 Stresses Propucine OBSERVED RETARDATION 


(a, Normal incidence; 6, oblique incidence; c¢, error due to difference between 
average stress along path of light and stress at mid-point.) 


possessing some peculiar advantage. Of all such methods, photo- 
elasticity is probably the best in most cases when an over-all pic- 
ture of a two-dimensional state of stress is desired. 


1 Paper submitted while Instructor in Mechanics of Engineering, 
Sibley School of Mechanical Engineering, Cornell University, Ithaca, 
N.Y. Now with Armour Research Foundation. 

Presented at the National Meeting of the Applied Mechanics 
Division, Pittsburgh, Pa., June 25-26, 1943, of TuHp Amprican So- 
CIETY OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 11, 1943. Discussion received after the clos- 
ing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The modern photoelastic method of analysis determines the 
difference between the principal stresses simply, directly, and 
with high accuracy. An isochromatic or fringe pattern alone is 
sufficient for almost all practical work. With but a few impor- 
tant exceptions, the interesting points of maximum stress will be 
somewhere on one of the free boundaries of the model. As either 
p or q is zero at such a point, the maximum stress is given by the 
order of the fringe appearing at the boundary. 

There are a few problems in which the directions of the prin- 
cipal stresses are of value in themselves. In most cases, these 
problems are of theoretical interest, often constituting an ex- 
perimental check for some mathematical development in the 
theory of elasticity in which approximations have been made. 
For all cases, agreement within 5 deg is satisfactory, and the 
theory can be checked by a comparison with the photoelastically 
obtained isoclinic pattern. 

In an almost, but not quite, negligible number of problems 
it is desirable or necessary to obtain the value of each of the 
principal stresses at points where they are not given directly by 
the fringe pattern. Some familiar examples are problems of 
contact stress, the problem of the roller, and occasionally the 
curved beam. As Maxwell? has pointed out, the isochromatic 
and the isoclinic patterns give sufficient information to find both 
pandg. Filon’ applied graphical integration of the equations of 
equilibrium quite successfully, and several examples are worked 
out by Frocht.‘ Neuber* has suggested a different method also 
employing the two patterns. However, due to the difficulty of 
determining the isoclinics with sufficient accuracy and also to the 
accumulation of error in the graphical integration, investigators 
are continually looking for better procedures. A variety of 
other methods has been suggested for the separation of p and q 
(see footnote?). 

The method of oblique incidence, proposed in this paper, has 
possibly as its outstanding advantage, compared to these other 
methods, that it requires no additional technique and no funda- 
mentally different type of measurement from that employed in 
ordinary two-dimensional work. 


THeory oF OBLIQUE INCIDENCE 


In the development of the theory, it will be convenient to think 
in terms of monochromatic light and of the retardation in fringe 
units. The results may, of course, be used for white light if 
either a compensator or a color scale is used. 

For simplicity, assume that the state of stress is uniform over 
the region of the model being considered and also that in the 
unloaded state there is complete absence of initial stress and 
optical effect. The relative retardation produced by the model 
when light enters at normal incidence (Fig. la) isn, = (p — q) 
t/C where t is the thickness of the model and C the stress-optical 


2 Kather than refer back to original papers, it is suggested that the 
reader consult the excellent summary, ‘‘A Review of the Photoelastic 
Method of Stress Analysis,’’ by R. D. Mindlin, Journal of Applied 
Physics, vol. 10, 1939, p. 273. 

3 “Treatise on Photoelasticity,”” by E. G. Coker and L. N. G. Filon, 
Cambridge University Press, London, England, 1931 (p. 412 for 
example). 

4 “Photoelasticity,”” by M. M. Frocht, John Wiley & Sons, Inc., 
New Yerk, N. Y., vol. 1, 1941, chap. 9. 
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coefficient of the model material. By definition, p is the alge- 
braically larger principal stress, and n, is therefore always a 
positive quantity. If the model is rotated about p through an 
angle @ (Fig. 1b), the secondary principal stresses in the plane 
perpendicular to the light normal will be p and qcos?@. The light 
travels through a thickness ¢/cos 6, and the relative retardation 
produced is nm) = (p — q cos?@) t/(C cos 0). Note that, as de- 
fined, no is not necessarily positive. For convenience, it is best 
to work in fringe units, denoting pt/C by n, and qt/C by n, where 
each has sign. The expressions for n,, and mo become 


Solving for n, and n, 


COS (ny — n, Cos A) 


sin? @ 


Ny COSO n 


n n 
.= 
sin? 6 


If the model is rotated @ about q instead of p 


n, = (n, — nj cos 6)/sin® 


n, = cos (n, cos 6 — [6] 


q 


where n} is the relative retardation for the oblique position. 
Again it should be kept in mind that n} has sign. 

In most cases the sign of np or n; is known or can be deter- 
mined from inspection of the fringe pattern. If not, any of the 
standard means can be employed. Use of white light and in- 
spection of the isochromatics during rotation of the model is one 
of the possibilities. 

The presence of initial optical effect is more troublesome. 
Errors introduced cannot exceed the value of the initial ‘stress’ 
and if the model is satisfactory for ordinary two-dimensional 
work, appreciable error will result only occasionally. However, 
when the method of oblique incidence is used, the three-dimen- 
sional point of view must be taken. At times therefore an 
initial value of n, of zero, for example, may indicate not absence 
of initial stress but only equal values of n, and n, (see discussion 
of the isotropic point later). Equations [3] and [4] ean always 
be used in connection with measurements on the unloaded model 
to find the initial values of n, and n, and the proper corrections 
made. As in all photoelastic work, this is inconvenient and 
should be avoided by careful choice of material or by annealing... 

A remaining consideration is the effect of variation of stress 
in the plane of the model. Retardation np or n; is due to the 
average stress over a length ¢- tan @ in the plane of the model (Fig. 
1c) and not to the stress at the mid-point of this length. A high 
gradient of stress is not troublesome, but if the gradient of 
the gradient is very high, the use of this average value in Equations 
[3] to [6], inclusive, is not permissible. Fortunately, this almost 
never occurs except near free boundaries or concentrated loads 
where separation of p and q is not required. The negligible effect 
usually found is illustrated by the experimental work on the quite 
thick square plate loaded diagonally. The less the thickness of 
the model compared to the dimensions in its plane, the less the 
difficulty. 

Before going into the question of rotation about axes that are 
inclined to the p and q directions, it is advisable to find the effect 
of experimental errors on the accuracy of determination of 
nm, and n,. 


ACCURACY OF n, AND n, DETERMINATIONS 


If the errors are not too large 


A 4 
. Ny —. 
00 


where Am, An,, and A@ are the experimental errors in m%, n,, 
and @ which produce errors An, and An, in n, and n,. 
Substituting for the derivatives of n, and n, from Equations 
[3] and [4] and simplifying 
cos 0 


( Ano 


An, =~ 
sin? @ 


An,, cos @) 


— 


+ [n, cost —n, (1 + cos? 


= - An cos 6 — An, 
sin? @ (Ane 
2 A0 


26 
[m, + (1 + cos? 


[8] 
The two term of each of the error expressions differ in their na- 
ture and will therefore be considered separately. 

The first term, which involves errors in the measurement of 
retardation, is almost completely independent of the total retar- 
dation or fringe order, although the spacing of the fringes does 
have some influence. Assuming a certain probable closeness of 
measurement fixes a definite probable error in the determination 
of every value of n, or n, for a given @. The larger n, and n,, 
the smaller the importance of this term. Conversely, the 
smaller the principal stresses, the greater the precision of meas- 
urement required. 

Proceeding with the analysis from this point is difficult as the 
actual accuracy and precision attained in present-day photoelas- 
tic investigations has not been firmly established. In most ex- 
perimental work in the physical sciences a great many observa- 
tions are taken for a single quantity. Numerous other investiga- 
tors check the result whenever it is of value. Data are pub- 
lished with a precision measure or probable error, and one can 
quickly get a very good idea of both the precision and accuracy 
of the various experimental procedures. In photoelastic work, 
on the contrary, it is rare that a sufficient number of observa- 
tions are made to warrant a statement of the probable precision. 
Answers to better than 10 per cent are hardly ever required, and 
such accuracy is obtainable from a single model if care is taken. 

However, either for the instruction of students or to improve 
his own technique, each worker in this field has made numerous 
repeated comparisons between a few standard theoretical solu- 
tions and the results of p — q photoelastic tests. Two of the 
most common are the roller under diametral compression and the 
circular hole in a plate under uniform tension. He finds out. that, 
if he is careful each time to insure reasonable absence of initial 
stress and edge effect, the check obtained is excellent. After 
sufficient practice in the more difficult problem of the circular 
hole, he will not make an error of more than 0.5 fringe in reading 
or estimating a maximum fringe order of 10, if the hole is at least 
1/,in, diam. Often he will come much closer in spite of the very 
high gradient of stress and the difficulty in obtaining the exact 
boundary. The accuracy possible at interior points as in the 
problem of the roller is of course very much greater. Filon,® 
thinking in terms of the compensator, writes of measurements 
accurate to 0.01 fringe, and Frocht‘ tabulates his results to the 
nearest 0.01. 


5 ‘*A Manual of Photoelasticity for Engineers,”’ by L. N. G. Filon, 
Cambridge University Press, London, England, 1936, p. 122. 
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Fic. 2) Square LoapEp ALONG VERTICAL DIAGONAL 
(Load = 368 lb; diagonal = 2.65 in.; thickness = 0.295 in.; stress-optical coefficient = 85 lb perin. per fringe; index of refraction = 1.57; sin@ = 0.45# 
Small machining-edge stress but no inital stress.) 


A clear distinction must be made here between precision and ac- 
curacy. If both dark- and light-field photographs are taken and 
smoothing curves drawn from measurements on the negatives 
and not the prints (see n,, curve, Fig. 3), the retardation actually 
present at each point can easily be obtained to the nearest 0.05 
fringe. If the loading device is poor, or if high initial stresses 
are present, the accuracy may be nil but the retardation n,, can 
still be measured to this +0.025 fringe. (Results of direct ob- 
servation on a ground-glass screen will usually not be quite as 
precise.) 

It is the +0.025 fringe that must be substituted for An, in 
considering Equations [7] and [8] and not the actual error in the 
determination of the true value. In addition An, however, con- 
tains the previously mentioned difference between the average 
stress over ¢ - tan 6 and the stress at the mid-point. This effect is 
seen to be very small in the curves of Fig. 3, as it will be in most 
cases. Even if it is large, successive approximation can be used 
to arrive at the correct result. Being conservative, it would seem 
that the error in n, or n,, due to the entire first term, would rarely 
exceed 0.05 sin? 6 of a fringe. For the smallest practical angle, 
45 deg in air which means 26°/, deg through the model, the error 
should lie within +0.25 fringe. For 45 deg through the model, 
which requires immersion in a fluid, preferably of the same re- 
fractive index as the model material, the error should not exceed 
0.1 fringe. 

The second term in the error Equations [7] and [8] does not 
have as large an effect as the first. The more the retardation the 
greater the error so that the percentage error is quite low. If 
the model is immersed, waviness of the surface does not matter 
and Aé can be kept within '/, deg or roughly 0.005. Without im- 
mersion, the surface irregularities will increase A@ at some points, 
but there is in part a canceling effect as the error in the angle of 
incidence must be divided by the index of refraction to obtain the 
error in @. If an error of 0.01 is taken as an upper limit, the first 
part of the second term will then be less than +0.025 n,. Even 
for a high fringe order of 10 at an interior point, the error will not 
exceed +0.25 fringe, and observations at neighboring points 
can be used to cancel the largest part of this figure. The second 


part of the second term is entirely relative. The fractional 
error in n, or n, is 2(1 + cos? @) A@/sin 26, or less than 4.5 per 
cent for 45 deg in air and 3 per cent for 45 deg using immersion. 

In addition to Equations [7] and [8], small errors in the load- 
ing, and the errors due initial stress, complete consideration of 
the possible accuracy must include the effect of rotating the 
model inadvertently about an axis slightly inclined to p or q. 
An attempt to rotate exactly about a direction of principal stress 
may be off by 3 deg due to errors in the isoclinic pattern. Exact 
formulas, which can be written for the most general case of rota- 
tion about any axis, show that such an error is of little impor- 
tance. They also show, however, that, while it is theoretically 
possible to rotate about any axis and obtain p and q, the proba- 
ble error is too high to permit practical use of such a procedure 
for two-dimensional models. 

In summary then it seems safe to say that for measurements 
at a single point all the experimental errors in retardation or 
setting of angle will result in less than 0.5 fringe error for 45 deg 
incidence in air, or 0.25 fringe for 45 deg through the model 
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(nn is fringe order in normal position; n’o in oblique position, Fig. 2; n is 
vertical and nv is horizontal principal stress in fringe units, i.e., ot/C.) 
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If smoothing curves are used for both the retardation measure- 
ments and for the final results these errors may be cut in half. 


EXPERIMENTAL RESULTS 


As might be expected, all experimental results show errors con- 
siderably less than the maximum previously given. For con- 
vincing illustration and experimental check on the theory, it was 
felt desirable to choose problem, model, and technique offering 
as great difficulties as would be consistent with the proper ap- 
plication of the method of oblique incidence. The problem of 
finding the principal stresses along the two diagonals of a diago- 
nally loaded square is clearly one for which the method is well 
suited. Frocht,‘® had given both theoretical and experimental 
solutions so that the results could be checked. 

The dimensions of the model, diagonal 2.65 in., thickness 0.295 
in., show it to be comparatively thick for this type of problem. 
The horizontal diagonal is of most interest, and rotation about 
the vertical axis of loading g further aggravates the difficulty with 
n’, because of the variation of stress along the path of the light, 
Fig. 1(c). Also, 45 deg incidence in air was chosen as being 
convenient and yet subject to considerably more error than when 
immersion is used. The index of refraction of the bakelite was 
determined by microscope to be 1.570.7. Photographs were ob- 
tained for both the normal and oblique positions, Fig. 2. Curves 
n, and n’o, Fig. 3, are from measurements on the negatives made 
with a scale, changed only by dividing distances from the center 
by one half the diagonal. Curves ny and n, are the calculated 
values from Equations [5] and [1], nv = —n,, ny = + ny. 

The results are remarkably good. The ny and ny smoothing 
curves are within '/s fringe of each of the points. A compari- 
son with Frocht’s results, Table 1, and Fig. 4, seems to indicate 
‘that more accurate results can be obtained by oblique incidence 
than by graphical integration. (All values were converted to an 
average stress of 100 on the horizontal diagonal based upon 

€ “Recent Advances in Photoelasticity,’’ by M. M. Frocht, Trans. 
A.S.M.E., vol. 53, 1931, p. A-135. 

Nore: Theoretical results were taken from this paper but ex- 
perimental from reference (4) which contains some corrections. 


7“Physical Optics,”” second edition, by R. W. Wood, The 
Macmillan Company, New York, N. Y., 1923, p. 71, first method. 


TABLE 1 STRESSES ALONG THE HORIZONTAL DIAGONAL:4 


AND EXPERIMENTAL VALUES 


Stress— 


Distance (compressive) 

from center — -Frocht-———— 

+ one-half Oblique Experi- Oblique 
diagonal incidence Theory mental neidence 
Center 0 227 238 237 79 

0.1 218 226 230 77 
0.2 195 197 209 68 
0.3 163 160 178 »6 
0.4 138 123 137 43 
0.5 92 86 4 91 29 
0.6 56 52 56 17 
0.7 27 25 29 9 
0.8 9 10 14 

0.9 3 3 

1.0 2(?) 0 


2 Average vertical stress = 100. 


TABLE 2 


——Vertical — 
Distance (compressive) 

from center ——Frocht——— 

+ one-half Oblique Experi- Oblique 
diagonal incidence Theory mental incidence 
Center 0 227 238 237 79 

0.1 231 241 241 77 
0.2 241 251 250 74 
0.3 260 268 270 69 
0.4 292 296 301 53 
0.5 341 340 347 43 
0.6 413 411 420 39 
0.7 536 534 542 35 


® Average vertical stress on horizontal diagonal = 100. 


- COMPARISON OF EXPERI- 
MENTAL RESULTS BY OBLIQUE-INCIDENCE METHOD WITH FROCHT'S THEORETICAL 


—Horizontal Stress 


STRESSES ALONG THE VERTICAL DIAGONAL2 
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(Average vertical seed for horizontal diagonal chosen arbitrarily as 100.) 


the applied load.) The greatest difference is at the center of the 
square, and it is possible that the oblique-incidence values are 
correct, as the theoretical solution is an approximate one. It is 
to be observed that, while the oblique-incidence values add up to 
the applied load, those obtained from graphical integration are 
6 per cent too high. In any case, the error is small and not of 
real practical importance. The stresses along the vertical di- 
agonal, Fig. 5, show relatively less difference, Table 2, and com- 
parison curves are therefore omitted. 

A number of other experiments were performed to get a better 
idea of the precision and accuracy obtainable by different means. 
A circular disk under vertical compression was rotated about a 
horizontal axis and the measurements were made directly on a 
ground-glass screen. Before smoothing, the fringe-order values 
for p and q differed by no more than 0.3 fringe from the theoreti- 
cal and, after smoothing, by much less. In other experiments 
the disk was rotated about the axis of loading and compensator 
measurements made at the center of the disk only. Precise meas- 
urements can be made, as the fringes come down along the 
vertical diameter and then go out along the horizontal. Results 
for p and q were within 0.1 fringe of the 
theoretical when the initial stresses were 
low enough. 

Themost precise experiment attempted, 


ese " and actually the first one performed was 
_ Experi- to determine the index of refraction of 
Theory mental 
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the bakelite by testing a tension model 0.75in. wide. Retardation 
measurements were made by compensator in the normal and 
oblique (45 deg in air about the axis of pull) positions for every 
25 lb between 0 and 400 lb, for two separate runs. As some 
slight initial stress was present, n, in Equation [4] could not be 
taken as zero but the slope of the line n, versus m is still cos 6. 
Having cos @, sin @ can be found, and from it the index of refrac- 
tion (sin 45 deg/sin 6). The precision of the results was high, and 
the method of least squares was used to obtain cos 6. A value 
of 1.579 + 0.011 obtained for the index of refraction checked well 
against 1.570 = 0.003 found by use of the microscope. Even if 
none of the difference was due to an error in the 45-deg settings, 
cos 6 was off by only 0.001 in 0.893. This indicates that on the 
average both n, and mo were measured to 0.01 fringe. Individual 
measurements due to all sources of error were off by no more than 
0.04. 


Isorropic Points 


An interesting use of the method of oblique incidence is to 
distinguish between isotropic points at which the principal stres- 
ses are both zero, and points where they are equal and not zero. 
Equation [2] for the fringe order in the oblique position reduces to 


mo = nsin? 6/cos 6 
where 
pt/C = qt/C 


n 


Fig. 6 shows the type of pattern obtained in the normal and 


(a) (6) 
Fic. 6 Isotropic Point p = q ¥ 0 


a, Normal; 6, oblique incidence. If p = q = 0, point remains black in 
oblique position.) 


oblique positions when p = g = 0. If p = q = 0, the point re- 

mains black unless the angle of rotation is so large that the light 
travels through points comparatively far away from the isotropic 
point. 

When accurate quantitative results are required, it is usually 
necessary to use a compensator. This is partly due to small 
magnitude of stress, but mainly to the difficulty of determining 
fringe order precisely, at the maximum and minimum points of an 
isochromatic pattern. 
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APPLICATION TO THREE-DIMENSIONAL PHOTOELASTICITY 


When the freezing procedure is followed,* the method of 
oblique incidence will give much more information than is ob- 
tained from the usual normal analysis of the slices. For example, 
at present when the plane of the slice is a principal plane, only the 
difference between the principal stresses in the plane of the slice 
is determined. However, by rotating the slice about a principal 
axis in its plane, which can always be done easily, all three prin- 
cipal-stress differences can be found. No more information can 
be obtained from the fringe patterns, as there is no way of de- 
tecting a uniform all-round tension or compression. No modifi- 
cation of the method is required in this application. Calling the 
stress normal to the principal plane ¢,, merely replace n, and n, in 
Equations [2] to [6], inclusive, by n, — n, and n, — n,, where 
n, = of/C. When the plane is not a principal plane, changes 
must be made and the accuracy possible is not great. 

Even in two-dimensional applications, problems may involve 
the three-dimensional consideration of rotation of the axes of 
principal stress along the path of the light through the model. 
Retardation measurements for two-dimensional models will be 
entirely trustworthy, but isoclinics in the oblique position will not 
always have quite the usual meaning.* The method as pre- 
sented does not make use of the isoclinies in the oblique position 
so that no difficulty arises on this account. 


CONCLUSION 


The method of oblique incidence has been shown to be a quick 
and useful means of finding the principal stresses separately at 
points in a two-dimensional state of stress where they are of sig- 
nificant magnitude. In photoelastic investigations of a practical 
nature, no matter what the relative or absolute magnitude of p 
and q, application of the method and Equations [3], [4], [5], or 
{6] will give sufficiently accurate results for all important stresses. 
If, however, it is desired to use the method to find a small prin- 
cipal stress, a very accurate determination of retardation is re- 
quired. The use of a compensator with either white or mono- 
chromatic light extends the practicability of the procedure to all 
cases in which fringe or color-band counting is sufficiently pre- 
cise for finding p — gq, but not much beyond this point, unless 
initial optical effect is entirely absent and stress gradients are 
small. 
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A Numerical Procedure for the Calculation 


of the Moments in Edge Reinforcements 


of Cutouts in Monocoques 


A numerical procedure is developed for calculating the 
moments in a space-curved ring reinforcing the edge of a 
cutout in a monocoque structure. The procedure is pre- 
sented by means of a numerical example of a ring rein- 
forcing a doubly symmetrical cutout in a fuselage which 
is under the action of bending moments. Limitations 
and extensions of the procedure are discussed. The 
Appendix contains tables showing the arrangement of 
numerical calculations. 


INTRODUCTION 


structure of a monocoque fuselage and that of a wing is 

interrupted in many places by cutouts for doors, windows, 
retracting landing gears, gun turrets, bomb emplacements, etc. 
The determination of the stresses in the neighborhood of such a 
cutout is one of the difficult problems which the aircraft stress 
analyst’ has to face. In the present paper an attempt is made to 
solve part of the problem by developing a numerical procedure 
for the calculation of the moments acting upon the space-curved 
bar attached to the edge of an opening in order to reinforce it. 

Obviously it is advantageous to have the strength and stiffness 
of the structure unimpaired by the cutouts. If the weight is 
not prohibitive, it is therefore desirable to provide edge re- 
inforcements stiff enough to prevent any greater distortions 
than would occur in the monocoque structure without openings. 
With such stiff reinforcements, the stresses in the neighborhood 
of any cutout are not affected by its presence and, consequently, 
the forces transmitted from the monocoque structure to the edge 
reinforcement are the forces which would act in the undisturbed 
structure at the location of the edge reinforcement. In most 
cases, these forces can be easily calculated. 

An actual edge reinforcement usually deflects more than the 
ideal one just described and, consequently, carries only part of 
the load which would be transmitted through the structure had 
no cutout been provided. Thus, if the edge reinforcement is 
designed on the assumption of loads corresponding to the ideal 
case, the error committed is on the safe side from the viewpoint 
of the necessary strength of the edge reinforcement. 

In this paper, the loads are assumed according to the ideal 
case. The procedure is presented as applied to the example of 
a doubly symmetrical cutout in a fuselage loaded in pure bending. 


iy modern aircraft, especially in military types, the uniform 


NATURE OF THE PROBLEM 


Fig. 1 represents a portion of a monocoque fuselage with a 
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Fig. 1 THree-View DrawinG or FusetacGe Wits CutTout 
cutout. In order to simplify the calculations, the fuselage is 
assumed to be cylindrical and symmetrical with respect to a 
plane parallel to its generatrices, but otherwise of general shape. 
The shape of the cutout is assumed to be symmetrical with 
respect to the plane of symmetry of the fuselage, and with respect 
to a plane perpendicular to the generatrices. In an actual 
fuselage, if these assumptions are approximately fulfilled, it is 
often convenient to replace the actual cutout by an imaginary 
one which closely resembles it but satisfies the foregoing as- 
sumptions; if the shape of the cutout materially deviates from 
double symmetry, so thai such a replacement is not a workable 
proposition, the basic ideas of the present procedure still apply 
but the calculations become more involved. 

The fuselage is loaded at its ends with equal and opposite 
bending moments. In order to simplify the calculations, it is 
assumed that the fuselage is a shell of uniform wall thickness. 
In the case of a monocoque fuselage incorporating longitudinals, 
the procedure of the present paper is unchanged except for 
the calculation of the distributed loads acting from the shell 
upon the edge reinforcement. 

The edge of the cutout is reinforced by a space-curved bar 
of channel section which is permanently bent and twisted during 
the manufacturing process to fit the edge of the cutout and to 
allow the riveting of its back to the shell. The two ends of the 
bar are riveted together firmly so that the bar constitutes a space- 
curved ring. 

From strength of materials, it is known that a plane ring is 
statically indeterminate. By this term it is meant that the direct 
force, the shearing force, and the bending moment in any section 
through the ring cannot be calculated from the requirements of 
equilibrium alone. If, however, the ring is cut and the forces 
and the moment acting in the cut are determined, the problem 
of calculating the forces and moments in any section of the ring 
becomes a statically determinate one. In exactly the same way, 
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Fic. 2. THREE-VIEW DRAWING OF QUARTER RING 


Fic. 3 Forces anp Moments AcTiInG Upon QUARTER RING 


the space-curved ring is statically indeterminate, and it must 
be cut if it is required to reduce the problem of calculating the 
forces and moments in it to a statically determinate one. The 
magnitude of the forces and moments acting in the cut must be 
determined from considerations of the distortions just as in the 
case of plane-curved rings. The only difference is that in a 
space-curved ring, there are six and not three ‘‘unknowns” in 
the cut, namely, the bending moments about two axes in the plane 
of the cut, the twisting moment, the direct force, and the shearing 
forces in the direction of two axes contained in the plane of the 
cut. 

Calculations concerning space-curved bars are greatly facili- 
tated by representing forces, moments, displacements, and 
rotations by vectors. The representation of forces and dis- 
placements by vectors is obvious. A moment vector is defined 
in this paper as being perpendicular to the plane of the moment, 
having a length which represents the magnitude of the moment 
to some convenient scale, and pointing in the direction of advance 
of a right-hand screw rotated in the sense of the moment. The 
definition of a rotation vector is analogous to that of the moment 
vector. 

Since both the structure and the loading are symmetrical 
with respect to two planes, forces, moments, displacements, and 
rotations must be identical in the four quarters of the space- 
curved ring. For this reason, it is convenient to imagine four 
cuts rather than a single one made through the ring, namely, 
at points O, A, B, and C, Fig. 1, and to carry out the following 
calculations for the quarter ring O-A. 

A three-view scale drawing of the quarter ring may be found 
in Fig. 2, which also contains a diagram representing the stress 
distribution in the fuselage. The maximum tensile stress is 
assumed to be 540 psi, the tensile stress at the lowermost point 
of the ring 180 psi, and the stress distribution is taken linear 


SEPTEMBER, 1943 


in accordance with the Bernoulli-Navier assumptions. The 
thickness of the shell is assumed to be 0.05 in. 

An isometric view of the quarter ring is given in Fig. 3. One 
end of the quarter ring is taken for the origin of the co-ordinates. 
Quantities referring to this point are marked with a subscript 0, 
those referring to the other end by a subscript a. The z axis 
is parallel to the generatrices, the y axis is vertical, and the z 
axis perpendicular to x and y. The loading of the quarter ring 
consists of the distributed load w and the unknown forces and 
moments in sections O and A. Of the twelve unknown force 
and moment components, acting in the two end sections of the 
quarter ring, eleven can be determined from considerations of 
equilibrium and symmetry. 

If the projection upon the y, z plane of an element ds of the 
ring is denoted by dp, then the total force P acting from the shell 
upon the quarter ring is 


a 
P= f widp = 481.9 lb............. J) 
0 


where a is the length of the projection of the quarter ring upon 
the y,z plane. In the following calculations it should be kept in 
mind that P always stands for the positive quantity 481.9 lb. 

If consideration is now given to the equilibrium of forces in 
the x direction on the left half of the ring from O to B in the 
plan view of Fig. 1, it will be observed that the total load to 
the left is 2P. This load is balanced by the tensile forces in the 
two cuts at points O and B. Since the forces in the two cuts 
must be equal because of the symmetry, the x component Fzo 
of the force in section O must be equal to —P 


The y component Fy. and the z component F. of the force in 
section O are shearing forces. Consequently, their reactions 
on the opposite side of the cut (acting upon the quarter ring 
O-C) must be of equal magnitude and opposite sense. On the 
other hand, forces on the two sides of the cut at O must be equal 
in both magnitude and sense since the cut is in a plane of sym- 
metry of the ring. Both requirements can be fulfilled simul- 
taneously only if the shear force vanishes, therefore 


Fyo = Fo = 0...... 


In section A the components of the shear force are parallel 
to the x and y directions, respectively. Since this section is 
in the other plane of symmetry of the ring, the earlier reasoning 
again applies, and thus 


The z component F,, of the force in section A can be calculated 
if one considers the equilibrium of the lower half of the ring 
(from A to C) in the plan view of Fig. 1. Because of the sym- 
metry, the tensions must be the same in the two cuts at A and C. 
Since, however, these are the only forces acting in the z direction, 
their sum must be equal to zero for equilibrium. Hence 


The x component Mzo of the moment acting at section O upon 
the quarter ring O-A is the torque in the section. Its reaction 
on the opposite side of the cut (acting upon the quarter ring 
O-C) is of equal magnitude and opposite sense because of the 
conditions of equilibrium. But symmetry requires that the 
moments, acting on the opposite sides of the plane of symmetry 
of the ring, be equal both in magnitude and in sense. These 
two requirements are fulfilled simultaneously only if the torque 
is equal to zero 
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The y component Myo of the moment in section O cannot be 
determined from considerations of equilibrium and symmetry. 
Its magnitude will be calculated later from the deformations. 
The magnitude of the z-component M.o of the moment in section 
O can be determined from a consideration of the moment equilib- 
rium of the quarter ring about the z axis. Since the z com- 
ponent of the moment in section A vanishes as will be shown, 
M.z must balance the moment of the distributed load w about 


the z axis 
a 
Ma = ywldp 
0 


The x component M,, of the moment at point A must be 
equal to zero, since neither the distributed load nor any of the 
nonvanishing force and moment components at point O con- 
tribute to the moment equilibrium about the x axis at point A 


M,, = 0 


The moment component M,, can be calculated from the re- 
quirement of equilibrium 


M,. = —Myw— + (¢ — z)wtdp........ [9] 
0 


Consequently, M,, can be calculated as soon as Myo is known. 
The z component M,, of the moment at point A is the torque 
in the section, and because of the symmetry of the ring it must 
vanish just as the torque Mz» vanishes in section O 


{10} 


It may be seen from the foregoing considerations that the only 
remaining unknown in sections O and A is Myo. For the cal- 
culation of its magnitude one has to determine the distortions of 
the ring. As in the calculation of the deformations of straight 
and plane curved beams, the contribution of the direct forces 
(elongations) and the shearing forces (shear strain) is neglected 
and only the distortions caused by bending and torsion are con- 
sidered. In most actual edge reinforcements, consideration of 
the direct and shearing strain adds a great deal to the computa- 
tional work and little to the accuracy of the calculation. 

It should be noted that, in a rigorous calculation with the chan- 
nel section used in the present example, the space-curved bar 
has to be represented by the locus of the shear center of its 
sections. Then the distributed load w causes distributed mo- 
ments to act upon the bar, since the monocoque shell is attached 
to the back of the channel rather than to its shear center. In 
order to simplify the calculations, in the present paper it is arbi- 
trarily assumed that the shell and the shear center of the channel 
coincide, with the result that the distributed moment vanishes. 
Its effect is negligibly small as a rule, but it can be taken into 
account without difficulty if desirable. 


CALCULATION OF MoMENTs IN Cut RING 


Since, in the calculation of the distortions of the ring, it is 
necessary to integrate along the ring, it is convenient to repre- 
sent all the quantities involved as functions of the length of the 
are measured along the ring from point O. The are length s 
can be calculated from the three-view layout drawing. One 
has only to determine corresponding values of the co-ordinates 
r, y, and z for a number of stations, calculate the differences 
between these values, and compute the length of the are s with 
the aid of the Pythagorean theorem 


As = V ax? oo Ay? + Az? 


where Ax, Ay, and Az are the small differences between the 


x, y, and z co-ordinates, respectively, at consecutive stations. 
Adding up the values of As, one obtains the are length s. 

For the convenience of later calculations, it is well to plot the 
co-ordinates x, y, and z against the are length s. This is done in 
Fig. 4. In the actual computations, twenty-three stations were 
used in order to insure that the length As calculated by the 
Pythagorean theorem closely enough represented the length of 
the are. 

Closely spaced stations are not necessary in order to attain 
sufficient accuracy in the calculation of the moments. The 
moments were therefore calculated for only ten stations. The arc 
length a of the quarter ring was 32.4 in. The spacing of the 
stations was 3 in., except for the last one which was 2.4 in. 

Fig. 5 contains the moments M,* and M,* defined as 


Pp 
(s, — s)widp............ [13] 
0 
ff (y, — yjwtdp ......... 


where p is the distance from O of the section in which the moment 
is calculated, measured along the y-z projection of the quarter 
ring. The integrals were evaluated numerically. The length 
of the projection Ap in the y, z plane of an element of arc As was 
calculated from the formula 


. [13] 


Ap = V Ay? + Az? 


In agreement with preceding statements, the load per square 
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inch of the cross section of the shell is represented by the equation 


Since M,* and M,* are the moments due to w acting at any 
station upon the portion of the ring extending from the station 
to point A, the moments M, and M,, caused simultaneously 
by the distributed load and by all the nonvanishing force and 
moment components at point O, and acting upon the portion 
of the curved bar which extends from point O to the station 
under consideration, are given by the equations 


[16] 
M, = —M,*—Ma—Pr....... [17] 
M. = —M,* + M * + P(y— n) [18] 


These moments cannot be used directly for the calculation of 
the rotations of the element ds. They must first be transformed 
into components acting about the tangent to the element ds 
and the two principal axes of inertia of the cross section. The 
next task, therefore, is to determine these three directions at 
each station. 

The simplest way of representing directions is by means of 
vectors of unit length. It is known from differential geometry 
that a parametric representation of the unit tangent vector T' is 
given by the equations 


[20] 


where ¢,, /,, and ¢, are the three components of the unit tangent 
vector parallel to the z, y, and z axes, respectively, provided 
that the parameter s is the length of the arc. Thus, the three 
components of the tangent vector are the slopes of the three 
curves of Fig. 4. Calculated values of t,, t,, and ¢, are plotted 
in Fig. 6. A good check on the accuracy is available since the 
sum of the squares of the components at any station must be 
equal to unity because the tangent vector is a unit vector. In 
the present numerical example, this check showed the maximum 
error to be 2 per cent. All the drawings were originally made on 
sheets of paper 12 in. X 12 in. 

From the requirement that the back of the channel should 
admit of easy riveting to the shell, it follows that the plane of 
the back must coincide with the tangent plane of the shell. 
Consequently, the first principal axis of inertia of the channel 
(corresponding to the greatest moment of inertia of the section) 
is coincident with the surface normal of the shell. In the case 
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of a cylindrical surface, the parametric equations of a unit vector 
pointing in the direction of the external surface normal are 


[23] 
[24] 


where'n,, n,, and n, are the xz, y, and z components, respec- 
tively, of the unit surface normal vector N. 

The second principal axis of inertia of the channel (corres- 
ponding to the smallest moment of inertia) is perpendicular to 
the first one. It is also perpendicular to the tangent of the 
curved bar. Its components can therefore be given by the 
equations 


[26] 


where r,, 7,, and r, are the z, y, and z components, respectively, 
of the third unit vector 2. These equations follow from known 
theorems of differential geometry. Numerical values of the com- 
ponents n, and n, of the unit surface normal vector N, and of 
the components r, and r, of the third unit vector R were calcu- 
lated and are plotted against s in Fig. 7. The x components of 
N and R will not be needed in the following calculations. 

The vectors T, N, and R constitute a right-hand system of 
three mutually perpendicular unit vectors connected with the 
geometric and mechanical properties of the bar. Their direc- 
tions vary along the bar. Hereafter they will be referred to as 
the traveling system of unit vectors. If at any station the 
x, y, and z components of the moment acting in the section are 
known, its components in the 7, N, and R directions can be 
obtained by the following transformation 


[28] 


In Fig. 8, numerical values of the moments M,, M,, and M, 
are plotted against the parameter s upon the assumption that 
M vy = 0. 

It should be mentioned that the same proceduré may be 
followed also in cases where the orientation of the principal axes 
of inertia of the sections differs from that just assumed, but then 


w = 180 + 20y [15] 
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the components of the unit vectors N and R must naturally 
be calculated from other formulas. If it is inconvenient to 
calculate these vector components, they may be determined 
directly from the layout drawing. 


CALCULATION OF DISTORTIONS 


Knowing the values of the torque M, and of the bending 
moments M, and M, about the two principal axes of inertia, 
one can calculate the rotations d8,, d8,, and d8, of an element of 
the length ds about the three axes of the traveling system. Then 


dB, = [31] 


dg, = M,ds/EI, 


where GC is the torsional rigidity of the channel section, FI, 
its bending rigidity about the principal axis of inertia perpen- 
dicular to the back of the channel, and FI, its bending rigidity 
about the principal axis of inertia parallel to the back of the 
channel. 

The requirements concerning the rotations of the end sections 
at point O and point A can now be used for determining the value 
of the unknown moment M,o. These requirements are as follows: 


1 At point O: The rotation Bro about the z axis may have 
any value. If there is any rotation 8,0 of the quarter ring 
O0-A then the quarter ring O-C must undergo a rotation —yo 
because of the symmetry of the ring. On the other hand, con- 
tinuity requires that a rotation + 8,0 of the quarter ring O-A 
be accompanied by a rotation + ,0 of the quarter ring O-C. 
The two requirements can be fulfilled simultaneously only if 
8y) is equal to zero. 

In a similar way it can be shown that the requirements of 
symmetry and continuity result in the vanishing of 8.0. 

2 At point A: Bra and ya must vanish because of the re- 
quirements of symmetry and continuity; 8, however, may 
have any value. 

From these conditions it follows that the relative rotation of 


the sections at O and A may have any value about the z and z 
axes but must vanish about the y axis. This last requirement 


permits the calculation of the magnitude of the unknown moment 


Mw. 

The relative rotation of the two end sections about the y-axis 
is the integral between the limits s = 0 and s = a of the rotations 
about the y axis of the elements of the bar. The rotation 


dg, of an element of the bar can be calculated from the following 
formula 


dB, = tydB: + nydBn + . [34] 


where the rotations have the values given by Equations [31-33]. 
Thus, the requirement of continuity, or in other words the re- 
quirement of consistent deformations, can be written 


A consideration of the displacements of the end points of the 
quarter ring does not yield any condition for the calculation of 
Myo, since at point O only the x displacement vanishes, and at 
point A only the z displacement does so. 

The calculation of the numerical problem is now continued. 

Fig. 9 contains the product curves Mit,, M,n,, and M,r, 
plotted against the parameter s. In the calculation of these 
curves the moments M:, Mn, and M, were taken from Fig. 8. 
They correspond therefore to the case when Myo is equal to zero. 
The areas under these curves were planimetered with the follow- 
ing results 


= Mi,ds = —28,7501 b-in.? 
0 


a 
= —6670 |lb-in.? 
0 


a 
Je = M,r,ds = —16,400 Ib-in.? 
0 


From Equations [17] and [28-30], it follows that the part 
of the moments M:, Mn, and M, which depends on Myo is equal 
to —Myo multiplied by t,, ny, and ry, respectively. Substituting 
these terms into Equations [31-34], one sees that in the calcu- 
lation of the relative rotation 8,, the integrals of the expressions 
ty?, ny*, and r,? are also needed. Fig. 10 contains values of ¢,?, 
n,?, and r,? plotted against the parameter s. The areas under 
these curves were planimetered with the following results 


a 
di f ty2ds = 11.09 in. 
0 
a 
ny’ds = 11.42 in. 
0 
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a 
J, = f ry2ds = 10.00 in. 
0 


On the other hand, if one substitutes the expressions of Equa- 
tions [17] and [28 to 34], into Equation [35] and solves for 
M,, he obtains 
_ Wi/GC) + + 

(Js/GC) + (Js/EIn) + 


Errect oF Ricipirres Upon BENDING MOMENTS 


Assuming the channel section to be 2 in. X 1.5 in. X 1/s in. 
(length of the back by length of the flange by wall thickness), 
one obtains the following values 

In = 0.382 in.‘ 
I, = 0.136 in.‘ 


My 


C = 0.0031 in.‘ 
With G = 0.385 E, one obtains from Equation [36] 
My = —2580 in-lb................ [37] 


Substituting this value into Equations [17] and [28-30], one 
may calculate the value of the final moments. Values of M:.sinai, 
Mn sinat, 20d are plotted in Fig. 11, against the parameter 
s. The curves are identified by small channel sections. Com- 
parison of these curves with those of Fig. 8 gives the following 
interesting results. 
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The main effect of the unknown moment My is to reduce the 
values of the torque M:. In Fig. 8, the maximum value of the 
torque is a little over 2100 in-lb, and the maximum of the final 
moment in Fig. 11 is about 670 in-lb. At the same time, the 
maximum value of the bending moment M, in Fig. 8, namely, 
1400 in-lb, is increased to the value of 2580 in-lb in Fig. 11. The 
maximum value of the bending moment M, is practically un- 
changed. 

For the sake of comparison, the value of the unknown moment 
was calculated for the case when the edge reinforcement is a 
space-curved bar of circular tubular cross section. Since with 
such a section 


C = 21, = 
then 
My = —1687 in-lb................. [38 | 


Substituting these values into Equations [26-28], one obtains 
the final bending moments shown in Fig. 11. The curves are 
identified by small circles. 

It may be seen that, in the case of the circular tubular section, 
the maximum value of the torque M,./;,q: is considerably higher 
(—1000 in-lb), that of the bending moment M, ,,,,.; considerably 
lower (1687 in-lb) than those found previously in the case of the 
channel section. The maximum value of the bending moment 
M,, finat again practically unchanged. 

The foregoing considerations show that the unknown moment 
Myo causes a material reduction of the torque in the bar. At 
the same time, however, the bending moment M,.,;;,,q: is increased. 
The reduction in the value of the torque is greater the smaller 
the torsional rigidity of the bar. 


LIMITATIONS AND EXTENSIONS OF PROCEDURE 


For the validity of the calculations outlined, it is necessary 
that the following assumptions be fulfilled: Hooke’s law is valid; 
the distortions of the space-curved bar are so small that they do 
not appreciably influence either the magnitude or the line of action 
of the external loads; the shape of the cross section remains 
unchanged under the load; in each element ds of the bar the 
angle of twist is proportional to the torque. 

All but the last assumption are satisfied within certain limits 
by the edge reinforcements of actual monocoque fuselages. 
The last assumption, however, cannot be maintained if the space- 
curved bar is of thin-walled open section. The differential 
equation connecting the angle of twist of a straight bar of I- 
section with the torque was developed by Timoshenko? in 1905 


GC(dB:/ds) — EV = M:........... [39 | 


where I is the warping constant of the section. In 1929, Wagner® 
proved the validity of the equation for straight bars of arbitrary 
thin-walled open section. 

It was shown by the author‘ that the use of Equation [31] in 
place of Equation [39] caused a material, sometimes tenfold, 
overestimation of the angle of twist of a space-curved bar of 
thin-walled open section used to reinforce the edge of a cutout 
in an aircraft. It was further shown that, in spite of this ma- 


2“Kinige Stabilitatsprobleme der Elastizitatstheorie,’’ by 8. 
Timoshenko, Zeitschrift fiir Mathematik und Physik, vol. 58,1910, p.337. 

“Strength of Materials,”’ by S. Timoshenko, second edition, D. 
Van Nostrand Company, Inc., New York, N. Y., vol. 2, 1941, p. 282. 

3 “Verdrehung und Knickung von Offenen Profilen,’”’ by Herbert 
Wagner, 25th Anniversary Number of the Technische Hochschule, 
Danzig, 1929, p. 329. 

“Torsion and Buckling of Open Sections,”” by Herbert Wagner, 
U. S. National Advisory Committee for Aeronautics, Tech. Memo., 
No. 807, 1936. 

4“Stresses in Space-Curved Rings Reinforcing the Edges of 
Cutouts in Monocoque Fuselages,” by N. J. Hoff, Journal of the 
Royal Aeronautical Society, vol. 47, no. 386, February, 1943, p. 35. 
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terial deviation, in the majority of the cases, the value of the 
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~The Free Lateral Vibrations of a Cuntiever 
Beam With a Terminal Dashpot 


By E. J. McBRIDE,? JEANNETTE, PA. 


This paper first presents the results of the solution of 
the problem of the longitudinally vibrating beam with a 
terminal dashpot, some of the more interesting features 
of which are explained in detail. A brief statement is 
also given of the corresponding results in the single- 
degree-of-freedom system. Following this, the results 
for the laterally vibrating cantilever beam with a terminal 
dashpot are discussed; the details of this analysis are 
stated; and a resume of the general results are presented. 


LONGITUDINAL VIBRATIONS OF A CANTILEVER BEAM WitH A 
TERMINAL 


HE problem! of the free lateral vibrations of a cantilever 
beam with a dashpot at the end has not previously been 
solved, in so far as the author is aware. The related prob- 
Jem of the longitudinal vibration (or of the torsional vibration) 
of a cantilevered beam or rod has been treated thoroughly since 
it is the mathematical equivalent of a long electric transmission 
line without losses and with a closing resistance at the end. 
This electric circuit, for instance, has been discussed by Guille- 
min.$ 
The longitudinally vibrating system is illustrated in Fig. 1. 
A convenient representation of the solution of this system is 
shown in Fig. 2, in which the abscissa is the dimensionless value 


7 
AL 


AE 
sionless value of the rate of decay » 2 where A is the area 


of a section, EF is the modulus of elasticity of the material, u is 
the mass per unit of length, and L is the length of beam or rod. 
Letting y be the longitudinal displacement of the beam at any 
point z in any instant ¢, the quantities w and » may be further 
defined by the equation 


of the natural frequency w and the ordinate is the dimen- 


In order to explain Fig. 2 more fully, a subsidiary diagram, Fig. 
3, is given which shows the relation between the dimensionless 


1 Part of a thesis submitted to the Graduate School of Engineer- 
ing, Harvard University. 

2? Mechanical Engineer, Development and Research Department, 
Elliott Company. 

3 The presentation of this problem is most conveniently effected 
by avoiding the general term ‘‘damping.’’ This word is ordinarily 
used to describe both the effect on the motion and the source of 
energy dissipation. Here, however, a distinction will be made, 
and the terms ‘‘rate of decay’’ and ‘‘dashpot strength”’ will be used 
to differentiate between the two quantities. 

4 “Communication Networks,’ by E. A. Guillemin, John Wiley & 
Sons, Inc., New York, N. Y., vol. 1, 1931; vol. 2, 1935. 

Presented at the Annual Meeting, New York, N. Y., Nov. 
30-Dec. 4, 1942, of THE AMERICAN SociETY OF MECHANICAL ENGI- 
NEEBS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 11, 1943. Discussion received after the closing 
date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Fig. VIBRATING CANTILEVER BEAM WITH 
TERMINAL DasHPoT 
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Fie. 2) Frequency Versus Rate or Decay FoR LONGITUDINALLY 
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Fic. 3. Rate or Decay Versus DasHpot STRENGTH FOR LONGI!- 
TUDINALLY VIBRATING CANTILEVER BEAM 


AE : 
rate of decay v Ik L and the dimensionless value of the dashpot 


strength c/+1/AEu, where c is the force necessary to give the dash- 
pot a unit velocity. 

There is one striking feature about Fig. 2. The lines showing 
the locus of possible values of rate of decay and frequency are 
lines of constant frequency, i.e., the frequency is independent 
of the rate of decay. For instance, in the first mode of vibration, 
if the dashpot strength is zero, the rate of decay is zero and the 


AE 
frequency is w = \ oL*’ If the dashpot strength is increased 


to any value below c = 1/AEu, the rate of decay increases, but 


the frequency remains the same. When the dashpot strength 
approaches ¢ = +/AEu, the rate of decay approaches infinity, 


AE 
the frequency remaining w = : "Lt If the dashpot strength 


is increased beyond c = +1/AEuy, the rate of decay starts to de- 
crease and the frequency falls abruptly to zero. Further in- 
crease in the dashpot strength to infinity results in still further 
decrease in the rate of decay to zero, the frequency remaining 
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zero. For the higher modes a similar phenomenon prevails; 


at the critical dashpot strength of ¢ = +/AEyu the frequency 


AE 
changes abruptly from w = (n — to 


4 


o = \n 


This abrupt change in frequency is quite odd. Another 
strange feature of this system is that the results indicate that 
there can exist a finite frequency with an infinite rate of decay. 
The physical interpretation of this seeming absurdity is most 
readily obtained by recourse to the concept of traveling waves. 
In the traveling-wave analysis, the longitudinal vibration of the 
beam would be conceived as a wave moving along the beam. 
If there were no terminal dashpot, the wave, on reaching the 
end of the beam, would be reflected. This reflected wave would 
have the same magnitude and the same sense (or sign) as the 


<g 
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incident wave. If the dashpot at the end were of infinite strength 
the reflected wave would be of opposite sense (or sign) to the 
incident wave but would have the same absolute magnitude. 
For a finite strength of dashpot, the reflected wave would be 
somewhat less in absolute magnitude than the incident wave 
and would be of the same or of opposite sense, depending upon 
whether the dashpot strength were relatively small or great. 
This means that for a given dashpot strength, the reflected wave 
would have a value between plus and minus that of the incident 
wave. For a dashpot strength of ¢ = +/AEu, the reflected 
wave would be exactly halfway between these limits, i.e., it 
would be zero; all the energy of the incident wave being absorbed 
by the dashpot. 

In the system with a single degree of freedom, the frequency, 
as is well known, is a continuous function of the rate of decay. 


k, 
lrhis is shown in Fig. 5 where the abscissa, /y* is the dimen- 
m 


k 
sionless value of the frequency and the ordinate, v / \ — is the 
m 


dimensionless value of the rate of decay. Fig. 6 shows the rela- 
tion between the dimensionless rate of decay and the dimension- 


less value of the dashpot strength In these expressions k 


V mk 


and m have their usual meanings of spring constant and mass. 
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hic. 9 Rate or Decay Versus DasHpot STRENGTH, GREATER 


THAN CRiTICAL, FOR LATERALLY VIBRATING BEAM 


The only feature of this system which might bear mention is 
the often ignored fact that, for any dashpot strength greater 
than the critical, i.e., for zero frequency, either of two rates of 
decay may prevail. 


RESULTS FOR CANTILEVER Wir TERMINAL DasHpPoT 


The purpose of this paper is to present a solution for the lat- 
eral vibrations of a cantilever beam with a terminal dashpot. 
A diagram of the system is shown in Fig. 7. The general result 
is given in Fig. 8 which shows the locus of all possible values of 
frequency and rate of decay. This corresponds to Figs. 2 and 5 
for the previous cases. A graphical representation of the rela- 
tion between dashpot strength and rate of decay is, in this case, 
of debatable value; therefore a few scattered values have been 
given in Table 1 where they are listed with their corresponding 
values of frequency and rate of decay. For the first mode, 
however, the variation of rate of decay with dashpot strength, 
for dashpot strengths greater than the critical, has been plotted 
in Fig. 9. 

An examination of Fig. 8 and Table 1 shows that there exist 
definite discrete ranges of possible values of frequency, each rang? 
corresponding to a particular mode of vibration. Moreover, the 
frequency varies continuously with the rate of decay. 

In the first mode, that of lowest frequency range, the upper 
limit corresponds to the first mode of vibration of a cantilever 
beam with no dashpot. This point, of course, is that for zero 
dashpot strength and the rate of decay is zero. As the strength of 
the dashpot is increased, the frequency falls, and the rate of d2- 
cay increases. This continues with increasing dashpot strength 
until the critical point is reached, i.e., until the frequency ha; 
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TABLE 1 DATA ON FREE LATERAL VIBRATION OF 
CANTILEVER BEAM WITH TERMINAL DASHPOT 


y = [Re¥(z) + 


Mode Dashpot strength Frequency Rate of decay 
wo 
EI EI 
0.000 3.516 0.000 
0.059 3.446 0.747 
First ig | 2.625 2.471 
1.390 1.667 3.266 
| 1.658 0.051 3.696 
2.289 0.000 3.726 
0.000 22.03 0.000 
0.981 21.17 2.766 
Second 3.68 18.33 4.241 
6.16 15.95 2.404 
15.42 0.000 
0.00 61.70 0.00 
2.49 60.24 4.66 
Third 5.51 55.42 7.10 
21.4 51.09 4.29 
49.97 0.00 
5 
0 Yo 
| | | 
| | | 
| it | 
| | Im Yo 
| | | | 
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Fig. 10 SHape oF DEFLECTION CURVES FOR LATERALLY VIBRATING 
CANTILEVER BEAM 


fallen to zero. For dashpot strengths of yet greater magnitude, 
the frequency remains zero but the rate of decay may have either 
of two values, one greater and one less than that at the critical 
point, as shown in Fig. 9. These two latter types of motion 
may occur in any linear combination. 

In the higher modes, say the nth mode, the upper limit of 
the frequency range is that of the nth mode of a cantilever beam 
with no dashpot, and the rate of decay is zero. As the dashpot 
strength is increased, the frequency falls and the rate of decay at 
first increases; with further increase of dashpot strength, the 
frequency continues to decrease but the rate of decay passes 
through a maximum value and then begins to decrease. As the 
dashpot strength approaches infinity, the rate of decay falls to 
zero and the frequency becomes that of the (n—1) mode of a 
clamped-propped beam. 

This system has one other unique feature. This is the na- 
ture of its natural deflection curve. There is no true ‘“‘standing- 
wave” shape. However, the deflection curve may be represented 
by (the projection of) two standing waves having a time phase 
angle of 90 deg. A typical set of these two curves is shown in 
Fig. 10. 


ANALYSIS OF CANTILEVER BEAM WitH TERMINAL 
DasHPOoT 
Nomenclature. In this analysis, the following nomenclature 
will be used for the physical quantities involved: 


= mass of beam per unit of length 

= modulus of elasticity of material of beam 
moment of inertia of section of beam 

= length of beam 

= strength of dashpot, i.e., force per unit velocity 
= distance along beam from fixed end 
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t = time 

y = deflection of beam at point x, at time ¢ 

The Differential Equation. The differential equation govern- 
ing the motion may be approached in the following manner: 
The loading on any beam per unit of length w gives the relation 


fobs 
ow 
Ox! 


The loading on a beam due to its own inertia is 
o*y 
w=—p- 


Therefore the general equation governing the motion becomes 


= — — 
ol? 
or 
[2] 
ox! ol? 
where 
q 


Solution of the Differential Equation. The solution of Equation 
|2] may be written as 


y = Y(xje 
Y(z) = Ae™ + Be-™ + + 


where 


Here s is a complex quantity to be determined by other considera- 
tions. Terms A, B, C, and D are arbitrary constants. 

From an understanding of the physical nature of the problem 
it is expected that the resultant motion will be of the form 


y = [4] 


where v is the rate of decay and w is the circular frequency. A 
comparison of Equations [3] and [4] shows that both » and w 
are functions of the complex quantity 8s. Equation [3] further 
shows that the shape of the deflection curve is directly deter- 
mined by this same quantity s. 

Physically, the boundary conditions have the following defini- 
tions. At the fixed end, the deflection is always zero and the 
slope is always zero; at the other end, the moment is always 
zero and a shear force is present having a value proportional to 
the velocity or time rate of change of the deflection. Mathe- 
matically these boundary conditions have the following defini- 
tions, respectively: 


Atz =0; y = 0,1.e., Y =0 
Atz =0; 0, = 0 
Or dx 
wy (5) 
Atz = L; 0,ie., — =0 
Ox? dx? 
oy 
Atz = L; = 


Introduction of the first three of the boundary conditions 
serves to evaluate B, C, and D in terms of A, giving 
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+ (1 — + (1 + | 
+ a + ie” + (1 — 
ae — (1 — ile“ + ide” 

(1 — ie” — (1 + — ide” 


The fourth boundary condition leads to the equation 


B=—A 


C 


D=A 


. 
—¢ 
Els'| — — iCe™” + iDe-*" Je. 


r tae 
= [Ae + Be-™ + + Je 
q 


Defining a dimensionless value of the dashpot strength 


and rearranging Equation [7] the result obtained is 


4 + +1) + —) 4 (1-1) 
y = '/sL(1 + 1) 


—t) + -t) ie 0-4) 
This equation in turn may be simplified to the form 


“el 1 + cosh (sL) cos (sL) 
is sinh(sZ) cos (sL) — sin (sL) cosh (sL) 


. {10} 


Equation [10] is, essentially, the solution of the problem. It 
relates the (dimensionless) dashpot strength to the complex 
quantity s; and through s, to the rate of decay, the frequency, 
and the shape of the deflection curve. 

Interpretation of Quantity 8. Comparison of Equations [3] 
and [4] reveals the identity 


To analyze this, a complex form of the quantity s will be intro- 
duced 


from which .. 


From the original definition of g, and Equations [11] and [13] 
the following relations are established 


Therefore it is seen that once the values of a and b are deter- 
mined for a given dashpot strength, the frequency w and the 
rate of decay » are readily computed. 

Relation Among a, b, and y. By means of the definition of 
Equation [12], the basic equation of the solution, Equation [10], 
may be written as 


y = — i(a + ib) X 
1 + cosh (a + tb) cos (a + ib) 
sinh (a + ib) cos (a + ib) — sin (a + ib) cosh (a + ib)’ 


(15] 
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An inspection of this equation reveals that the left-hand member 
is a pure real, while the right-hand member is complex. This 
means that the imaginary part of the right-hand member must 
be zero. 

Equating the imaginary part of the right-hand member gives, 
after simplifying 
0 = b{sinh b cos b (sinh a sin a — sinh b sin b + cosh a cos a + 

cosh b cos b) — cos a sin b (cosh a cosh b + cos a cos b) 
+ sinh a cosh b (sin a sin b + sinh a sinh 5)] 
+ a [cosh a sin a (sinh a sin a — sinh b sin b + cosh a cos a + 
cosh b cos b) — cos a sin b (sin a sin b + sinh a sinh b) 


— sinh a cosh b (cosh a cosh b + cos a cos b)] [16] 


Equation [16] defines the locus of all possible values of the 
quantities a and b, This locus is plotted for the first three modes 
of vibration in Fig. 11. 

From (the calculated points of) Fig. 11, the locus of possible 
values of frequency and rate of decay may be obtained by using 
Equation [14]. The results, for the first three modes of vibra- 
tion, are shown in Fig. 8. 


Fig. 11 Locus or PosstBLe VALUES OF a AND b 

To obtain the dashpot strength corresponding to any pair of 
values of frequency and rate of decay the corresponding values 
of a and b are substituted into Equation [15]. Several sets of 
corresponding values of all these quantities have been listed in 
Table 1. 

The Critical Point. The critical point is here defined as that 
point on the curve of the first mode (Fig. 8) where the frequency 
falls to zero. It corresponds to the point a = b on the first mode 
curve of the locus of possible values of a and b (Fig. 11). In 
order to determine this point analytically the following method 
was used. 

In the region of the critical point the locus of values of a and 
b may be redefined as a locus of values of (b + h) and b, where h 
isa small quantity. Then 


a= 


cosh h = 


sinh h = 


Introducing the relations of Equation [17] into the basic 
equation, Equation [16] an equation is obtained which, when 
powers of h greater than 1 are neglected, gives 

0 = 2b [(coshb sin*b + sinh*b cos*b)(1 + coshb cos*s + 
sinh*) sin?b) — (cosh b sinh b — cos b sin b)?] 

—[(cosh b sinh b — cos b sin b) (1 + cosh*b cos’) + 

sinh*b sin2b) 

This gives the value of b (and, of course, of a) for the critical 
point. It is 

a =b = 1.365 
Shape of Deflection Curve. Equation [6] gives the values of 


B, C, and D in terms of A. Equation [12] defines s in terms of 
a,b, and L. By defining a new arbitrary constant 


cL 
[9] 
| 
7 
32 
a 
2ab = | 
55 
a b w EI } 
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4A 
Qe! (1 + ade” + (1 — 


Yo = 
the equation of the deflection curve takes the following form 


Y= Yo eos a cos b + cos a cosh b) (sion a ; cos b 5 


— sina 4 cosh b (sinh a sin b — sin a sinh b) 

L L 

(cosh b z) + (cosh asin b 


+ cos a sinh b) (sinh + sina sinh 2) 


— (sinh a cos b + sin a cosh b) (cost a cos b 


— cosa Zeosh 2) | + (cosh «cost + cos a cosh b) 


(cosh z Sinhb + (sinh asin b 


— sin a sinh b) a b sina 7 cosh b z) 
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— (cosh a sin b + cos a sinh b) (cost a . cos b 5 


— cosa cosh b — (enh a cos 6 + sina cosh 
(sinh a Zin sina Zsinh 2) 0) 


As an example a deflection curve for the values a = 1.633, 
b = 1.000 has been calculated. This is shown in Fig. 10. 


AND COMPARISON OF RESULTS 


The laterally vibrating cantilever beam was found to have fre- 
quency bands or ranges. These ranges are separated from each 
other by regions in which there are no possible values of frequency. 
In any given range, the frequency varies continuously with rate 
of decay and dashpot strength; the frequency decreasing with 
increase of dashpot strength. 

In the first mode, the range of lowest frequencies, a critical 
dashpot strength was found to exist. For any dashpot strength 
equal to or greater than this critical value, the frequency is zero. 

The natural shape of the deflection curve was found to consist 
of two standing waves separated by a time lag of 90 deg. 


Design Data for Flat Circular Plates 
With Central Holes 


By W. E. TRUMPLER, JR.,! PHILADELPHIA, PA. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


a = outer radius of plate 
b = inner radius of plate 
a 
a =: 
b 
a—b 
a 
h = thickness of plate, in. 


E = modulus of elasticity of material, psi 


G shear modulus of elasticity, psi 

6 = maximum deflection, in. 

@ = edge angular deflection, radians 

moment per inch, lb-in. per in. 

P = total load uniformly distributed along edge of plate 
(Cases 3 to 6, inclusive) 

p = pressure per square inch of plate surface (Cases 7 to 14) 

o0 = stress, 6 M/h? 

S = moment constant 

D = deflection constant 

N = rotation constant 


Subscript 7’ refers to tangential moment 
Subscript R refers to radial moment 
Subscript b refers to maximum moment at inside edge 
Subscript a refers to maximum moment at outside edge 

(Thus S,7, refers to moment constant, Case 1, for tangential 
moment at inside edge.) 


APPLYING THE FUNDAMENTAL FORMULAS 


The data curves submitted herewith were produced to shorten 
the time of applying theoretical formulas to solving the common 
design problem of uniform, flat, circular plates with various edge 
conditions and symmetrical loading. The theoretical solutions 
have been derived and published so that they are well known.? 
The actual simplified formulas used to determine the curves are 
found in a paper by Wahl and Lobo’ who derived them from the 
theoretical. The five cases solved and published in this paper 
are the fundamental ones from which all others may be solved 
by superposition. 

The curves are for steel or any other material having a Poisson’s 


‘Turbine Design Engineer, Westinghouse Electric & Manu- 
facturing Company, South Philadelphia Works. Jun. A.S.M.E. 

“Applied Elasticity,"’ by S. Timoshenko and J. M. Lessells, 
Technical Night School Press, East Pittsburgh, Pa., 1925. 

“Strength of Materials,” by J. Case, Longmans Green & Company, 
New York, N. Y., 1925. 

**Elastische Platten,” by A. Nadai, Julius Springer, Berlin, 1925. 

“Stresses and Deflections in Flat Circular Plates With Central 
Holes,’”’ by A. M. Wahl and G. Lobo, Jr., Trans. A.S.M.E., vol. 52, 
1930, APM-53-30, pp. 29-43. 

“Stress and Deflection of Circular Plates,"” by A. M. Wahl and 8S. 
Way, Trans. A.S.M.E., vol. 58, 1936, p. A-28. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1943. Discussion received after the closing date 
will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


ratio of 0.3. Because the flat-plate theory assumes (1) that 
thickness is small relative to the diameter:and (2) that the 
deflections are small relative to the thickness, the following 
limits of use should be set: 


h < ?/; (a — b) for simply supported edges 
h < '/; (a — b) for fixity of one or both edges 
6 h/2 


Where the plate proportions are such that the thickness is 
greater than that fixed by the limits just given, the deflection 
may be calculated by taking into account the additional de- 
flections due to shear, as determined by the following formulas: 

For Cases 3, 4, 5, and 6 


0.239 P loge 
Gh 


For Cases 7, 8, 9, and 10 


0.375 pa? [ . 1 
(2 loge a —1+ ‘) 


For Cases 11, 12, 18, and 14 


0.375 pa? 2 loge a 
Gh ( ) 


The shear stress becomes large when 8 approaches 1, in cases 
where there is load or support on the inner edge. The formulas 
should not be applied to the case of a solid plate. When 8 
approaches 0, the beam formulas apply quite accurately and 
may be used below 8 = 0.2. Bending stress equals 6M /h* using 
the M from Figs. 1 and 4. 

The curves, Figs. 1, 2, and 3, give the moment, deflection, and 
angular deflection of plates with edge loading only, while Figs. 
4, 5, and 6 contain the same data for the uniformly distributed 
loading in form of pressure p. Although the angular deflection 
is in terms of radians, for the small angles involved, it is also 
the slope. 


SIMPLIFIED FORMULAS 


M 


Case 1: 
8.4a? 15. 
ON, 
a? — at—] 
10D, = 4.2(a 1) + 15.6 log a 
a?—]1 
Qa? 
10 Sit» ™ ees Sirs = 0 
Case 2: 
24 8.4 15.6a2 
100 Nis = 
a? — a(a? — 1) 
1 
4.2 (: a 1) + 15.6 log a 
10D; = = 
az? — 
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10 Sar = = 1 —1.0369a* + 2.7694 — — 5.07 (log a)? / 
== a (a? — 1) 
217 1 0.6956 
p q +3317 log a— 
0.0875 
x 2.483 log a + 0.66859 (a? — 1) 0.65a? log a — 0.2375a? + 0.15 + — — 
= Qa 
N» = kee + Sir = 0 
a(a? — 1) D 
1 Case 11: 
0.5515 | a? + rt ome 1.1029 + 1.614 (log a)2 
a 
a 
0.20692? log + 0.0557a? — 0.0557 ahaa 
= — ie 
4.95a? — 6 — 7.8 log a + —— 
= a? 
p (a? — 1) 
a(a? — 
Case 7: Dy = 
4.95 —2.428a? + 2.769 — 1:9 9 604 
7.8 log a + 1.05a? — 6 + ae? a*(a? — 1) 
Ne = a + 3.22 (a? log a — log a) — 5.07(log a)? 
a? — 1 
1.05 —0.65 log a + 0.4125 — 0.5 + = 
7.8a? log a — 2.85a? + 1.8 + — BS = a 
a? 11Td 
Nu = Qa —1 


a(a? — 1) Sur = 0 


Discussion 


Investigation of Self-Excited Tor- 
sional Oscillations and Vibration 
Damper for Induction-Motor 
Drives’ 


A. L. Kiwpau.? The writer was interested to note that the 
authors have used Dr. Jacobson’s method of obtaining an equiva- 
lent damping constant represented by c in Equation [2] of their 
paper, which gives the energy dissipation per cycle. This ex- 
pression represents the area of an elliptical “hysteresis loop” 
which corresponds to the assumed viscous damping. For any 
other type of damping, the shape of the loop is not elliptical. 
In fact it may even be rectangular. Nevertheless, experience 
shows that the observed vibration-decrement curve itself for 
the latter case can be hardly distinguished from one in which 
the damping is truly viscous for the same loop area and fre- 
quency. 

Although Equation [7] of the paper cannot be obtained from 
the solution of a simple differential equation, this equation is 
necessarily a very close approximation to the truth because of 
the similarity of the two vibration-decrement curves, regardless 
of the great dissimilarity in shape of the hysteresis loops by 
themselves. 


B. L. Newxrrk.* Referring to Fig. 17 of the paper, the curve 
marked “‘test amplitude” appears to be a rather sharp curve of 
resonant vibration. In fact, the slope of the ‘“‘speed-torque curve” 
at 1000 rpm, where the oscillation is less than 2 deg, is about the 
same as it is at 890 rpm, where the oscillation is at its maximum. 

What is the explanation for this? 


Troets WarminG.‘ In Figs. 9 and 10 of the paper are given 
the test results for the energy absorption with various orifice di- 
ameters. It is seen that the energy absorption at resonance fre- 
quency goes up with increasing orifice diameter. This is in ac- 
cordance with the mathematics given in the paper, from which it 
is easily derived that the energy absorption at resonance is in- 
versely proportional to the damping coefficient. 

This, however, would lead to the conclusion that any amount of 
energy could be absorbed in a given damper by making the ori- 
fices large enough, or by leaving the oil out entirely and installing 
ball bearings. 

In that case, however, two new natural frequencies would ap- 
pear with the damper installed on the motor shaft. One of these 
would be above and the other below the original frequency, and, 
at these new frequencies, the damper would absorb no energy. 

Therefore for a given system there will be a certain optimum 
damping as described in a similar case by J. P. Den Hartog.® 


1 By A. M. Wahl and E. G. Fischer, published in the December, 
1942, issue of the JouRNAL oF APPLIED Mecuanitcs, Trans. A.S.M.E., 
vol. 64, p. A-175. 

? Engineering General Department, General Electric Company, 
Schenectady, Feliow A.S.M.E. 


* Professor, Rensselaer Polytechnic Institute, Troy, N. Y. Mem. 
A.S.M.E. 

* Mechanical Engineer, Nordberg Manufacturing Company, 
Milwaukee, Wis. Jun. A.S.M.E. 


§ “‘Mechanical Vibrations,”’ by J. P. Den Hartog, second edition, 
McGraw-Hill Book Company. Inc., New York, N. Y., 1940, p. 115. 


The authors mention a few other methods that were considered 
instead of the damper, all consisting of changes of the electrical 
characteristics of the motor. No mechanical changes are men- 
tioned, although there could be some possibilities with different 
masses, stiffnesses, or gear ratio. 

For instance, the amplitude that is built up by the negative 
damping is given as 


21°! 


A= 
This expression shows that by increasing the moment of inerti:n 
I the amplitude will decrease. If for instance J is doubled, th« 
effect will be the same as if the time t were halved. The result 
of this can be visualized by the torsiograms, Fig. 16 of the paper. 
Consider the period of vibration from the very first evidence of 
increased amplitude until the vibrations suddenly die out. The 
amplitude half way in this period will be the maximum amplitude 
that would occur with double moment of inertia. This would 
give a reduction of the amplitude to about !/; by doubling the Wie? 
of the motors. 

The increased inertia of the motors will lower the natural fre- 
quency of the system and might thereby change the negative 
damping. However, the tests indicate that the negative damp- 
ing at these very low frequencies corresponds to the slope of the 
speed-torque curve, so an increase could hardly be expected. On 
the other hand, a higher frequency could be expected to cause a 
smaller negative damping. The electrical process that takes 
place in the motor must be somewhat similar to what happens in 
the electric slip couplings used by the writer’s company for 
marine Diesel installations. The (positive) damping in these 
couplings is lower than calculated from the slip-torque curve 
and decreases rapidly with increasing frequency. 

The natural frequency of the fan drive could be increased by 
making the shaft between fan and speed reducer, for instance, 
twice as heavy. This would bring the natural frequencies up to 
approximately 1000 vibrations per min. If the condition is 
similar to an electric coupling this would cut down the nega- 
tive damping to about '/;, thus making it smaller than the positive 
damping. It would be a simple matter to test this by attaching 
the fan mass at various distances from the speed reducer, and it 
would thus be possible to establish a definite limit below which 
the natural frequency must not go. 


CLOSURE 


In answer to Professor Newkirk’s question regarding the 
sharp amplitude peak shown in Fig. 17 of the paper, it should 
be noted that the rate at which the oscillation builds up is deter- 
mined by the difference between the negative damping (supplied 
electrically) and the positive damping present, due to shaft 
hysteresis, bearing and gear-tooth friction, etc. Since this positive 
damping is quite appreciable compared to the negative electrical 
damping, as indicated in the paper, close correlation should not 
be expected between the slope of the speed-torque curve and 
the amplitude of vibration at any speed. 

In the case of the WB-1 unit represented by Fig. 17, there 
was approximate agreement between the test and calculated 
curves representing the initial rate of build-up of the vibration 
(see dashed curve of Fig. 17), if it be assumed that the positive 
damping present was equal to one third of the negative electri- 
caldamping. However, agreement should not be expected at high 
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amplitudes of motion where the negative damping supplied 
electrically may deviate considerably from that represented by 
the slope of the speed-torque curve (which represents the condi- 
tion for low amplitudes and frequencies). Also, further studies 
of the electrical system show that a measure of the negative 
damping for low amplitudes is given by the slope of a straight 
line connecting two points on the speed-torque curve, one 
corresponding to slip frequency plus the natural frequency, the 
other to slip frequency minus the natural frequency. Near 
the pull-out torque, the slope of such a line (and hence the 
negative damping factor) may be considerably less than the slope 
of the speed-torque curve, even for relatively low natural fre- 
This may be one reason for the rapid drop in vibration 
amplitude shown in the test of Fig. 17, as the pull-out torque is 
approached. Another contributing factor to this 
phenomenon might be an increase in positive damping as the 
speed increases, 


quencies. 
possible 


To obtain a closer correlation between ampli- 
tude of oscillation and slope of speed-torque curve would in the 
authors’ opinion require additional test data, particularly in 
connection with the positive damping present. 

With reference to Mr. Warming’s discussion, it is quite clear 
that the peak energy absorption at resonance, obtained by using 
a large orifice in the damper, cannot be taken as a basis for 
design. The reason for this is that, as shown in Figs. 9 and 10 
of the paper, for large orifices the energy absorption drops off 
rapidly for frequencies slightly above or below resonance. Hence 
in designing such dampers it must be assumed that two natural 
frequencies are present, one slightly below the natural frequency 
of the system without the damper and one slightly above. These 
frequencies may be calculated by usual methods. The damper 
should be designed so that the energy absorption of the damper 
at either of these frequencies will be greater than that supplied 
due to negative damping at relatively low amplitudes of oscilla- 
When this is done, there will be no tendency of the vibra- 
tion to build up. 

An alternative method of analysis (which was actually used 
in designing the dampers described) is to assume a two-mass 
system, such as that considered by Den Hartog,’ one mass repre- 


tion, 


senting the motor inertia and the other the damper inertia. 
The frequency, of the damper mass m on its springs alone is taken 
equal to that of the main mass M (representing the motor inertia) 
on its springs. The damping constant of the main mass is taken 
By applying Routh’s stability criterion’ to such a 
system, it may be shown that the ratio y between damping 
constant c in the damper and the critical damping must lie within 
certain well-defined limits if the vibration is to be prevented 
from building up. These stability conditions are 


negative. 


by <- 16 
¥Y 4 M 
lfm [c] 
In these i liti = 
n these = —, 
Inequal 1 2Mw, 
m 


*“A Study of the Modified Kramer or Asynchronous-Synchro- 
nous Cascade Variable-Speed Drive,’’ by M. M. Liwschitz and L. A. 
Kilgore, Trans. A.1.E.E., vol. 61, 1942, Appendix A, p. 255. 

“Mechanical Vibrations,’ by J. P. Den Hartog, second edition, 
McGraw Hill Book Company, Inc., New York, N. Y., 1940. p. 115. 

* Loe. cit., p. 330. 
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wy, = natural circular frequency of main mass M on its springs. 

The first condition [a] states that the ratio y between damping 
constant ¢ in the damper and critical damping (2mw,) must be 
greater than the ratio 8 between negative damping c in the 
main mass (motor) and critical damping 2Mw,. 

Since y and 8 are usually small compared to unity in practical 
systems, the second condition (inequality [b]) will be satisfied if 
the first one is. The third condition (inequality [c]) states that 
y must be less than a certain value depending upon the ratios 
m/M, 8, and e. Although the term e in inequality [c] is a 
function of y, in practical cases it will usually be small compared 
to unity. Hence to find a first approximation for the upper 
limit of y, the term e?/(1 + «) may be neglected in comparison to 
m/M. From condition [c] this gives y = m/48M as a first 
approximation. Using this value in Equation [d] to determine 
«, by using inequality [c] a second approximation for the upper 
limit of y will be obtained. (Further approximations may be 
made if desired, but one will usually be sufficient.) 

This analysis thus shows that the ratio y between the damping 
factor c and critical damping must lie between a lower limit 8 
and an upper limit given by inequality, expression [c]. As the 
inertia ratio m/M is made smaller, these two limits will tend to 
approach each other, which means that the damping constant 
must be held within closer limits if stability is to be maintained. 
Below a certain value of m/M it will be found that, for a given 
value of damping constant co it is impossible to satisfy conditions 
[a] and [ce] regardless of the value of the damping ratio y. This 
means that a certain minimum size of damper is required for 
any given motor inertia and negative damping constant co re- 
In practice, it is advisable to keep 
well above this minimum value, since, if the damper inertia is 
too small relative to the motor inertia, it will be necessary to hold 
the damping constant y within rather narrow limits if stability 
is to be attained. This may be difficult to do in practice. 

It should also be noted that the actual damping in the type of 
damper considered will not be pure velocity damping. Hence, 
to apply the stability conditions previously discussed, a small 
amplitude of motion must be assumed and the equivalent damp- 
ing constant found. As discussed in the paper, this equivalent 
damping constant (for the type of damper considered) may be 
found by assuming a combination of velocity squared and 
Coulomb damping (Equation [7] of the paper). In this manner, 
an estimate of the stability of the system at various amplitudes 
may be made for various sizes of orifices. 

It is true, as Mr. Warming suggests, that an increase in inertia 
of the rotor would reduce the peak vibration amplitude during 
the accelerating period. However, in the drives under discus- 
sion, the addition of inertia to the system would not have been 
practical because of space limitations. Also, a relatively large 
inertia would have been required to limit the vibration to per- 
missible values. 

The authors agree with the discusser that, by using a large- 
diameter shaft and thereby obtaining a higher natural frequency, 
the negative damping supplied by the motor would be decreased. 
However, it should be noted that the use of a larger-diameter 
shaft may possibly decrease the positive damping due to hys- 
teresis of the shaft material, and this may tend to offset the gain 
obtained by a reduction in the negative damping. To determine 
whether or not the vibration amplitude could be reduced suffi- 
ciently by means of a larger-diameter shaft would in the authors’ 
opinion require further tests as suggested by the discusser. In 
any case, for the drives under consideration, the use of a damper 
represented a more economical solution of the problem than the 
use of a shaft of twice the original diameter. 

The authors wish to express their appreciation for the interest- 
ing and valuable comments presented by the discussers. 


gardless of the value of y. 
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Calculation of Load and Stroke 
In Oil-Well Pump Rods' 


K. J. DeJunasz? anp A. Yorarapts.* The problem of forces 
and motions in sucker rods is an interesting case of the general 
problem of longitudinal vibrations in elastic columns. Other 
cases in this group, such as water hammer, fuel-injection prob- 
lems in Diesel engines, surges in springs, bars,‘ and electric 
circuits, have been treated in recent years with the aid of graphical 
analysis, which method provides a clearer insight into the 
phenomena than is afforded by mathematical methods, such as 
differential equations and operational calculus. In the following 
discugsion, such a graphical method will be applied to the problem 
of the natural frequency of stepped rods, as treated in Appendix 
2 of the paper. 

The case of a stepped rod having three different cross sections 


F,:F2:F3 = 1:0.75:0.50 
will be considered, the three lengths being such that 
= = L;/as 
or, assuming L=L,=L; 


Denoting by P the elastic force existing in a cross section z, at a 
certain instant of time t, and the simultaneously existing velocity 
by v, the phenomenon can be represented in two diagrams as 
follows: 

1 The ¢-z diagram, Fig. 1 of this discussion, in which a point 
denotes a certain cross section z, and a certain instant of time t. 
In this diagram the progress of a disturbance along the rod is 
represented by straight lines having the slope 


Az/At = += a = tan(+¢) 


2 The v-P diagram, Fig. 2, in which a point denotes the 
velocity v and force P, existing in a certain cross section z, at a 
certain instant of time ¢. Any change of velocity involves a 
proportional change of force, and vice versa, for which 


AP/ Av = + FE/a = tan(+a) 


It is assumed that the initial state of the rod is defined by point 
1 in the v-P diagram, i.e., it is compressed by a P; force, and it is 
at rest, » = 0, all along its length. Att = 0 instant the com- 
pressive force is removed at the free end D. The problem is to 
find the velocity and force in all cross sections at subsequent 
instants of time. 

The changing of the loading at the free end D from P, to 0 
constitutes a disturbance, as a result of which the velocity is 
changed from 0 to v2, the new state of the free end being defined 
by point 2, situated on the tan a; line drawn from point 1 at its 
intersection with the P = 0 line. This disturbance travels 
toward the junction C of rods 3 and 2. On its arrival at C, it 
meets the rod 2 which is still at its initial state, point 1, and it 
undergoes a change, the new state being defined by point 3, 
which is at the intersection of the tan (—a;) line drawn from 
point 2 (this characterizes the change in rod 3) with the tan 


1 By B. F. Langer and F. H. Lamberger, published in the March, 
1943, issue of the JouRNAL OF APPLIED Mecuanics, Trans. A.S.M.E., 
vol. 65, p. A-1. 

? Professor of Engineering Research, The Pennsylvania State 
College, State College, Pa. Mem. A.S.M.E. 

3 — Assistant, The Pennsylvania State College, State Col- 
ege, Pa. 

‘ “Graphical Analysis of Surges in Mechanical Springs,” by K. J. 
DeJuhasz, Journal of The Franklin Institute, vol. 226, 1938, pp. 505- 
526; and 631-644. 

“Graphical Analysis of Impact of Elastic Bars,’’ by K. J. De- 
Juhasz, Trans. A.S.M.E., vol. 64, 1942, p. A-122. 
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Fie. 1 Time-Distance DIAGRAM, DIAGRAM, OF STEPPED 

Rop, CLAMPED AT ONE ENp A, INITIALLY COMPRESSED, AND THEN 

RELEASED SUDDENLY, SHOWING t-x ZONES HAVING SAME STATE OF 
VELOCITY AND ForcE 


A 
EXE 
2 
D 


tand,:tand,: tands 
\ (EE) . (FE 
73) \ AA, 


tension 


Fic. 2. Vevocity-Force DiaGRaM, DIAGRAM, OF STEPPED 
Rop 


(Each point narked by figures defines the state of velocity and of force valid 
or the similarly marked zones in the t-x diagram.) 


(a2) line drawn from point 1 (this characterizes the change in 
rod 2). The disturbance 3 travels in two directions, toward the 
free end D, and toward the junction B of rods 2 and 1. At 
the free end D, the state is changed to point 6, which is situated 
at the intersection of the tan a; line drawn from point 3 (this 
characterizes the change in rod 3) with the P = Oline. At the 
junction B of rods 2 and 3, the new state will be represented by 
point 4, which is at the intersection of the tan (—ay) line drawn 
from point 3 with the tan a line drawn from point 1 (character- 
izing the change in rod 1). The disturbance 4 travels in two 
directions, toward the junction C of rods 2 and 3, and toward 
the clamped end A of rod 1. At the junction C of rods 2 and 3, 
the new state will be represented by point 7, which is the inter- 
section of tan a, line drawn from point 4 with the tan (—as) line 
drawn from point 6. At the clamped end A, the new state will 
be represented by point 5, which is at the intersection of the tan 
(—a) line (characterizing the change in rod 1) with the » = 0 
line (characterizing the clamping). In a similar manner the 
successive points 8, 9, 10, 11, etc., are obtained, each of which 
defines the state of the rod in the similarly marked t-z zones in 
the t-x diagram. 

Erecting the v and P co-ordinates, as ordinates, over the base 
t as abscissa, the history of velocity and of force can be plotted 
for any point x of the rod. In Fig. 3, the v and P are plotted for 
the free end D, the two junction points C and B, and for the 
clamped end A. Integrating the v-lines according to time, dis- 
placements of these cross sections can be plotted (lines marked s). 
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" v An application of the graphical method might be found in the 
Fic. 3. History or VEvocity v, Force P, anv Dis- acoustic method of measuring liquid level in wells, where a pres- 


PLACEMENT 8 AT Points A, B, C, AND Din Rop 


For an even more complete description of the phenomenon 
the v, P, and s values can be erected over the t-z plane as a base 
and so the stereograms of velocity v, force P, and displacement 
smay be obtained, Fig. 4 (a, b, and c). A section of these stereo- 
grams with a plane perpendicular to the z-axis gives the history 
of velocity, force, and displacement at that particular cross 
section of the rod. A section of the stereograms with a plane 
perpendicular to the ¢-axis at a particular ¢ value will give the 
gradient of velocity, force, and displacement for all cross sections 
of the rod at that particular instant. 

Ly 3 
The initial assumption of — = ™ was made solely for 
a ad, a3 
the sake of simplicity, but it is not a necessary one. Any other 
relation between the lengths can be treated without difficulty; 
however, this will involve more labor. 

In a similar manner also the problem of fluid column of forced 
vibrations of a liquid column, such as treated in Appendix 1 of 
the paper, can be solved. 


Autuors’ CLOSURE 


The method of solving for the oscillations of a stepped rod 
given by Professors De Juhasz and Yorgiadis gives more complete 
results than it is possible to obtain by the analytical method 
used by the authors. In the authors’ case, however, it was 
necessary to find only the change in the lowest natural frequency 
of vibration, and the incomplete solution was adequate. 


x 


ae 


sure wave is sent down the air column between the tubing and 
the casing, and a microphone picks up the vibrations reflected 
from the tubing joints and the surface of the liquid. 


Relationship Between Reynolds Num- 
ber and Velocity Distribution’ 


Max Jakos.?- The author obviously was not aware that the 
relationship between Reynolds number and velocity, based on 
his Equations [1] and [7], had already been shown by Nikuradse,? 
and possibly by others. The author’s Equation [10], for in- 
stance, is given as an unnumbered equation following Nikuradse’s 
Equation [17]. The author’s Equations [3] and [4] are identical 
with the writer’s Equations [3] and [4] in a discussion‘ in which 
it is demonstrated that, at y ~ 0.23R, the local velocity happens 
to be equal to the average velocity in smooth and rough tubes. 
In that discussion, attention is also directed to a second paper® of 

1 By L. 8. Rhodes, published in the March, 1943, issue of the Jour- 
NAL OF APPLIED MECHANICS, Trans. A.S.M.E., vol. 65, 1943, p. A-21. 

2 Research Professor of Mechanical Engineering, Illinois Institute 
of Technology and Armour Research Foundation, Chicago, II. 
Mem. A.S.M.E. 

3 “Gesetzmaessigkeiten der turbulenten Stroemung in glatten 
Rohren,”” by J. Nikuradse, V.D.I. Forschungsheft, no. 356, Berlin, 
Germany, 1932. 

4 Discussion on ‘Velocity Distribution of Fluids in Turbulent 
Flow,’’ by Max Jakob, Trans. American Institute of Chemical Engi- 
neers, vol. 36, 1940, pp. 657-662. 

5 “Stroemungsgesetze in rauhen Rohren,”’ by J. Nikuradse, V.D_I. 
Forschungsheft, No. 361, Berlin, Germany, 1933. 
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Nikuradse, in which the relationship under consideration is 
generalized and applied to tubes of very different degrees of 
roughness. 

A. A. Kauinske. This paper is an example of why it is 
dangerous to generalize and perform mathematical manipulations 
on empirical formulas which are valid only in limited ranges. 
The general analysis made by the author is not new and can be 
found in several texts on fluid mechanics.7:> However, in these 
works, care was always taken to point out that the results were 
correct for only a limited range of Reynolds numbers. The 
author fell into error when he assumed that these analyses could 
be completely generalized. 

In the first sentence of the paper, the author states, “the ratio 
of mean velocity to center velocity depends upon the rate of 
variation of friction factor f, with Reynolds number Nx.” This 
is incorrect: the ratio depends only upon f, which is a function 
both of Nz and pipe roughness for turbulent flow. 

The writer believes that there is little to be gained by use of a 
power law for the velocity distribution in circular pipes, since it 
has been so clearly demonstrated that the logarithmic relation is 
considerably more general and fits experimental data very well. 
Also, the relation of f = k Np” is not a general expression. For 
smooth pipes this type of relation can be shown to fit certain por- 
tions of the f versus Np curve if m and k are given varying values. 
In fact m and k are functions of Reynolds number and will also 
change with the pipe roughness. 

The author’s analyses lead to his Equation [10], which he im- 
plies is a general relation between m and n, the exponent in the 
power formula for velocity distribution. For many commercial 
pipes at large Reynolds numbers, the f versus Nz curve is a hori- 
zontal line; in which case m = 0, and therefore according to 
Equation [10], n = 0. This would mean that the velocity dis- 
tribution was uniform, which is certainly far from the case. 

The reason Equation [10] cannot be generalized is due to an 
error made in its derivation, which appears to be one of the prin- 
cipal fallacies in this paper. In Equation [9], since the shear is 
independent of the pipe diameter, the author sets the exponents 
of D equal to zero. He has overlooked that the factor k in this 
equation is really a function of Nz and relative roughness and, if 
Equation [9] is to be generalized, k must be expressed in terms of 
Nrand the relative roughness. Naturally, such a function would 
involve the pipe diameter. 

Of course, Equation [10] will give fairly correct values for a 
limited range of Reynolds number and pipe roughness; however, 
any attempt to use it as a general expression is bound to lead to 
incorrect results. 

For a proper method of evaluating the kinetic-energy factor, 
the writer wishes to point out a paper on this subject by Streeter.® 


AUTHOR’s CLOSURE 


The relationship between the friction factor f and Reynolds 
number N,» is determined experimentally and is expressed by an 
empirical equation. Hence any relationships derived therefrom 
must necessarily be limited in their applications, as all empirical 
equations must always be. It is understood that such equa- 
tions must not be applied to extreme conditions. On the other 


6 Associate Director, Iowa Institute of Hydraulic Research, Iowa 
City, Iowa. 

7 “Modern Developments in Fluid Dynamics,” edited by 8. Gold- 
stein, Clarendon Press, Oxford, England, vol. 2, 1938, p. 339. 

8 ‘Applied Hydro- and Aero-Mechanies,”’ by L. Prandt] and O. G. 
Tietjens, McGraw-Hill Book Company, Inc., New York, N. Y., 1934, 

.70. 

9 “Kinetic Energy and Momentum Correction Factors for Pipes 
and for Open Channels of Great Width,"’ by V. L. Streeter, Civil 
Engineering, vol. 12, 1942, pp. 212-213. 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1943 


hand, the fact that their application has limits is no reason to 
toss them out completely. Having witnessed a blind use of the 
“seventh root law,’”’ the author offers equations [10] and [11] as 
an improvement. 


Book Review 


Empirical Equations and 
Nomography 


EmpiricaL Equations AND NoMOGRAPHY. By Dale S. Davis. First 
edition. McGraw-Hill Book Company, Inc., New York, N. Y., 
1943. Cloth, 6 X 9 in., 200 pp., 70 Figs., $2.50. 


REVIEWED By C, O. Mackey! 


HIS book is based upon the industrial, teaching, and con- 

sulting experience of the author who is at present a mathe- 
matician with the Michigan Alkali Company. As explained in a 
brief foreword by Dr. John H. Perry, the text contains extensive 
information on detailed methods of expressing mathematical 
relationships and on the construction of alignment and line co- 
ordinate charts. 

In three chapters on empirical equations, the fitting of equa- 
tions to two-variable data and to three-variable data is covered. 
The methods used are much the same as those explained by other 
authors in similar texts. The critical step in the curve-fitting 
process is that of plotting such functions of the variables that a 
straight line results. Three methods of determining the constants 
in the empirical equations are discussed, i.e., averages, selected 
points, and least squares. Although much of the material fol- 
lows a pattern in the treatment of nonperiodic data that has be- 
come quite standardized, there are some interesting and useful 
departures in the treatment of two-variable correlation. Hyper- 
bolic functions are discussed; there is a method given for fitting 
an equation to data which plot linearly except for a small region 
where a “bump” in the curve results; and the Gompertz equa- 
tion with the exponent raised to a power is employed as a means 
of fitting S curves. 

The construction of alignment charts is explained in five chap- 
ters. Many illustrations are given of the construction of nomo- 
grams of the parallel-axis type, Z type, and one curved-scale 
type. There are two methods of approach to this problem gener- 
ally used, the geometric and the determinant. The author has 
chosen the geometric method. 

Line co-ordinate charts are covered in a short chapter. These 
charts commonly consist of two parallel axes and a group of 
fixed points and have been used widely, particularly by chemical 
engineers, in the graphical representation of the properties of 
different fluids over a range of temperatures. 

The design of special slide rules is covered in one chapter. The 
author’s treatment of this topic does not have a firm, funda- 
mental basis. Instead, the treatment is entirely by illustrative 
examples. 

Some of the material appearing in the book has been published 
previously in Industrial and Engineering Chemistry, Chemical and 
Metallurgical Engineering, The Paper Industry and Paper World, 
The Chemist-Analyst, and other publications. There are enough 
problems, drawn largely from the field of chemical engineering, 
to make the book suitable for use as a text in college courses. In 
addition, the book contains an extensive bibliography, tables of 
logarithms and trigonometric functions, and an adequate index. 


1 Professor of Heat-Power Engineering, Cornell University, Ithaca, 
N.Y. 
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Deflection of Uniformly Loaded 


Circular Plates 


By F. C. W. OLSON,' EVANSTON, ILL. 


The equation for small deflections of a uniformly loaded 
and supported circular plate is rewritten so that the two 
constants of integration are interpreted as the center de- 
flection w, and a boundary parameter a. Stresses and 
bending moments are given in terms of w, and a. A par- 
ticular advantage of this treatment is that the nature of 
the support may be found experimentally even if the elas- 
tic constants, plate thickness, and load are unknown. The 
energy method is used to develop a more general theory of 
large deflections, valid for any condition of uniform sup- 
port at the edge. 


SMALL DEFLECTIONS 


T is assumed that a solid circular plate of radius a, thickness h, 
and constant flexural rigidity D is supported only at the edge 
and that the support is uniform around the entire edge. The 
plate is deflected by a uniform normal load q. The positive direc- 
tion of the deflection w will be taken as the direction of the de- 
flection produced by g when no external bending moments are ap- 
plied. The deflection w at distance x = r/a from the center is 
given by [60] }.? 
w= + C,a*z? + C;logz + Cs ........ [1] 
At this point it is customary to evaluate the constants C,, C2, 
and Cs by assuming certain boundary condition such as a 
clamped edge or a simply supported edge. An alternative pro- 
cedure will be used here which retains the constants but in a 
somewhat different form. 
Let w = Oat z = 1, and define 


Then Equation [1] becomes 
x?)(1— az?)..... [3] 


The deflection surface is now given by a simple expression involv- 
ing the center deflection wo and the boundary parameter a, both 
of which may be determined experimentally. The bending mo- 
ments are readily found by substituting Equation [3] in | [52] } and 
'{[53]}. The bending moment M, per unit length along circum- 
ferential sections of the plate is 


where Wo is the deflection at z = 0. 


w = wlar*— (1 + a)z? + 1) = w(1 


[2a(3 + — (1 + + [4 


M, = 

' Research Associate, Northwestern Technological Institute. 

? Throughout this paper, references to the text, ““Theory of Plates 
and Shells,” by 8. Timoshenko (McGraw-Hill Book Company, Inc., 
New York, N. Y., 1940), will be given in brackets within braces. Thus 
'{60]} means Equation [60], and {{a], p. 329} means Equation [a] on 
page 329 of that book. 

Presented at the Annual Meeting, New York, N. Y., Nov. 
29-Dee. 3, 1943, of Tue AmericAN Socrety oF MECHANICAL 
ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1944. Discussions received after the closing 
date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


and the bending moment Y, per unit length along diametral see- 
tions of the plate is 


2D 
— [2a(1 + — (1 + a)(1 + [5] 


where v is Poisson’s ratio. 
It is easy to verify that when a = 1, the edge is clamped and 


1 
when a = —, the edge is simply supported. Also, when a = 
v 


0, the deflection is due to pure bending by moments at the edge of 
the plate. If the support is elastic 

l+p 

<a<l 

If a, D, and q are known, a single measurement of wy is enough 

to determine a experimentally, and consequently the deflection 
surface, its slope, its curvature, the bending moments, and the 
stresses. The nature of the support can be found even if the elas- 
tic constants, the thickness, and the pressure are unknown. A 
simultaneous measurement of w and w» for a given value of z 
suffices to determine @ and consequently the boundary conditions. 


LarGE DEFLECTIONS 


The extension of the elementary theory which has just been 
presented is readily carried out by the application of the energy 
method following closely the treatment given by Timoshenko! 
for the clamped plate. 

It is assumed that the shape of the deflection curve is given by 
the same equation as in the case of small deflections. The corre- 
sponding strain energy of bending {[c], p. 323} is 


dz? dx xz dz 


[6] 


Substituting Equation [3] in Equation [6] 


4 

where 
F(a) = + 3(1 + »)(1 


Function ) is F(@ given in Table 1 for various values of @ and ». 
The strain energy of stretching | [d], p. 334} is 


Eh 

(e,2 + €,2 + Qvee)rdr....... [9] 
1—v? Jo 
TABLE 1 VALUES OF F(a) 

@ vy = 0.25 vy = 0.30 » = 0.35 
0.0 3.750 3.900 4.050 
0.1 3.118 3.239 3.360 
0.2 2.720 2.816 2.912 
0.3 2.558 2.631 2.704 
0.4 2.630 2.684 2.738 
0.5 2.938 2.975 3.012 
0.6 3.480 3.504 3.528 
0.7 4.258 4.271 4.284 
0.8 5.270 5.276 5.282 
0.9 6.518 6.519 6.520 
1.0 8.000 8.000 8.000 


3 “Vibration Problems in Engineering,’ by S. Timoshenko, second 
edition, D. Van Nostrand Co., Ine., New York, N. Y., 1937, p. 431. 
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where ¢, and e, are the components of strain in the radial and 
tangential directions, respectively. If u is the radial component 
of displacement of a point in the middle plane of a plate, then e, 
and ¢, are given by { [a], p. 329} 


du _1fdw\? 1 du. 1 [(dw\* 
and by {[b], p. 329} 


If it is assumed that u is given by an expression of the form 
wu = 2(1 — z)(Cy + Cyt)... [12] 


the requirement that u = 0 at z = Oand at x = 1 is immediately 
satisfied. Later, the constants Cy and C; will be so chosen as to 
make the strain energy of stretching a minimum. If Equations 
{10], [11], and [12] are substituted in Equation [9], and the vari- 
able of integration changed from r to zx for simplicity, the result 
will be (after a considerable amount of algebra) 


wEh 
1 — 


Vs = | + 7C;2/60 + 3C0C,/10 + 2w?AC/a 


+ 2w?BC,/a + [13] 


where 


A = —3/10 + 37a/105 — 792/630 + »(1/10 
+ a/105 + 18a2%/630).......... (14) 


B = —1/5 + 1la/35 — 34a2/315 + (1/15 — a/105 
[15] 
and H = 1/6—a/3 + 2a%/5 — a3/5 + 3a*/70........ [16] 


To find Cy and C;, the conditions that 


Vs OVs 
0 and aC, [17] 


are imposed on Equation [13]. This yields two equations in the 
two unknowns Cy and Ci, which may be solved simultaneously, 


giving 


and 


Wo? 
1— p? 


Vs = 


where 
G(a) = 720AB — 350A? — 


Eh* 


Since De= 12(1 — »*) 


Equation [20] may be written 


The function G(qa) is given in Table 2 for various values of a 
and ». 
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TABLE 2 VALUES OF G(a) 


a y = 0.25 v = 0.30 y = 0.35 
0.0 0.331 0.704 1.069 
0.1 0.965 1.292 1.610 
0.2 1.481 1.765 2.042 
0.3 1.892 2.139 2.379 
0.4 2.216 2.430 2.636 
0.5 2.468 2.653 2.830 
0.6 2.666 2.826 2.977 
0.7 2.827 2.965 3.093 
0.8 2.969 3.087 3.195 
0.9 3.109 3.211 3.302 
1.0 3.266 3.355 3.432 


Adding Equations [7] and [22], the total strain energy is 
V=VetVs= 


The center deflection is obtained from Equation [23] by applying 
the principle of virtual work. It follows that 


F(a) + | [23] 


1 
= {1— (1 + @)z? + [24] 
dw 0 


Substituting Equation [23] in Equation [24], and carrying out 
the indicated operations 


3— 
25} 


16F(a) + 18 = G(a) 


Let 


and 


Then Equation [25] may be written in the simple form 


a‘ h 


which is more convenient for computing purposes. The functions 


f(a) and g(a) are given in Table 3. 


TABLE 3 VALUES OF f(a) AND g(a) 


vy = 0.25 vy = 0.30 vy = 0.35 
a f(a) g(a) f(a) g(a) f(a) g(a) 
0.0 20.0 2.0 20.8 4.2 21. 6.4 
0.1 17.2 6.0 17.8 8.0 18.5 10.0 
0.2 15.5 9.5 16.1 11.3 16 13.1 
0.3 15.2 12.6 15.6 14.3 16 15.9 
0.4 16.2 15.3 16.5 16.8 16.8 18.2 
0.5 18.8 17.8 19.0 19.1 19.3 20.4 
0.6 23.2 20.0 23.4 21.3 23.5 22.3 
0.7 29.6 22.1 29.7 23.2 29.8 24.2 
0.8 38.3 24.3 38.4 25.3 38.4 26.1 
0.9 49.7 26.6 49.7 27.5 49.7 28.3 
1.0 64.0 29.4 64.0 30.2 64.0 30.9 


{ 


Since the only published work on large deflections of circular 
plates has been on clamped plates, these results can be checked 
only fora = 1. Onsubstituting a = 1 and» = 0.3 in Equations 
[13], [18], [19], [22], and [25], several small discrepancies with 
Timoshenko’s values were found. An independent check by the 
present author revealed that Timoshenko’s results are slightly 
in error, as is shown in Table 4. 


TABLE 4 COMPARISON OF NUMERICAL COEFFICIENTS 


Numerical Independent 


coefficient of Timoshenko This paper check 

8Co in Equation [13 —0.00846 —0 .00850 0084922 
8C, in Equation [13 0.00682 0.00682 0.0068255 
Constant term in Equa- 

tion [13] 0.00477 0.00476 0.0047620 
in Equation 1.185 

C; in Equation —1.75 —1.789 
Vgin 2.59% 2.519 


1 

3—a 

5 2 
Cy (OB TA). (18) 
2a 
Substituting Equations [18] and [19] in Equation [13] 
600B? + 64H........[21] 


Oscillations in Closed Surge Tanks 


By A. M. BINNIE,' OXFORD, ENGLAND 


The existing methods of predicting the oscillations in a 
closed surge tank are very lengthy unless drastic simpli- 
fications are made. In this paper a new and quick pro- 
cedure is explained for calculating the maximum pressure 
and expansion of the air, which result from a sudden shut- 
down of the plant. Friction is taken into account, both 
in the pipe and also in any arrangement placed between 
the pipe and the tank to damp the oscillations, but the 
compression and expansion of the air must be assumed 
isothermal. Small-scale experiments confirmed the ex- 
pectation that the observed maximum pressures would be 
greater than the theoretical. The shutdown of a big plant 
is, however, not instantaneous, and the theory may be 
expected to yield results sufficiently accurate for the pur- 
pose in view. 


INTRODUCTION 


HE regulation of the plant installed in a water power sta- 
ie is improved if a surge tank is fitted to the pipe line near 
the turbines. Usually the tank is open at the top, but 
sometimes the levels of the surrounding country are such that 
it is not feasible to construct a tank of this type. A closed 
tank is then preferred, its upper part containing compressed air. 
The advantages of closed tanks were explained by Warren,? 
who proposed various formulas for design. But neither he nor the 
contributors to the resulting discussion were able to make proper 
allowance for friction effects, except by employing an exceedingly 
laborious step-by-step method of integration. It appears probable 
that the use of these tanks has been restricted by the difficulty of 
obtaining a satisfactory analysis of the surges in the tank. 

This paper presents a quick method of calculating the results 
of a complete and sudden shutdown—the most serious event 
which must be guarded against. (The process of starting up is 
under control and therefore can be arranged to cause less 
violent disturbances.) Friction is allowed for, not only in the 
pipe but also in any damping device which may be inserted at the 
base of the tank in order to reduce the amplitude of the oscilla- 
tions. The tank is taken to be of the simple type with no differ- 
ential action, and attention is confined to the two most important 
quantities which the designer wishes to know: 

1 The maximum air pressure in the tank; this occurs when 
the oscillating water surface in the tank comes to rest for the first 
time after the shutdown, and this position will be referred to as the 
first. crest. 

2 The maximum expansion of the air, which normally is 
reached when the water surface is at rest for the second time, this 
position being termed the first trough. 


1 University Demonstrator and Lecturer in Engineering Science, 
Oxford University. 

2 ‘Air Tanks on Pipe Lines,’ M. M. Warren, Transactions of the 
American Society of Civil Engineers, vol. 82, 1918, pp. 250-277. 
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A price, however, has to be paid for the ease and rapidity of the 
computations, and it is necessary to assume that the compression 
and expansion of the air are isothermal. The analysis employed 
is a variation of that used by the author to attack the converse 
problem of a tank fitted to a rising main. There it is necessary 
to take precautions against the sudden stoppage of the pump, 
and this is best done by means of a tank attached close to the 
delivery side of the pump. 


THEORY OF THE SURGES 


Let P ft of water be the atmospheric pressure on the reservoir; 
H ft the difference of level between the reservoir and the tank; 
L ft the length of the pipe line, a sq ft the uniform cross section of 
the pipe; V cu ft the volume of air in the tank; and v fps the 
mean velocity in the pipe, taken as positive for flow out of the 
reservoir. The suffixes 0, 1, 2 refer, respectively, to the initial 
steady conditions before the load is thrown off the turbine, to the 
first crest, and to the first trough. Time ¢ in seconds is measured 
from the instant of shutdown. 

Friction losses in a pipe are normally determined on a basis of 
steady flow, and the results thus obtained cannot accurately be 
used when the velocity is varying. But no great error will be 
introduced here by taking the friction loss of head in the pipe as 
Kv? ft, where K is constant. Similarly the lost head in the damp- 
ing arrangement between the pipe and the tank will be expressed 
in the form K,v? ft. In the experiments described in the next 
section, a disk containing holes was inserted for this purpose at 
the base of the tank. If the total area of the holes is A sq ft, it is 
known that the lost head h ft across the disk when the steady dis- 
charge is Q cfs is given by Q = CA (2gh)'/?, C being the coefficient 
of discharge and g the acceleration due to gravity. But Q = az, 
hence 


where 
K, = a?/(2gC?A?) 


Closed tanks are unlikely to be used on low-head plants, 
hence it is reasonable to ignore the depth of the water in the tank; 
nor will they be employed on short pipes, therefore the mass of 
water in the tank can be neglected in comparison with that in the 
pipe. Then the absolute air pressure in the tank under the initial 
steady conditions is (H + P — Ky?) and during the oscillation, 
as far as the first crest, it is increased to 


+ P — (K + K,)v? — (L/g)(dv/dt)] 
Since the pressure-volume changes are assumed to be isothermal 


(H + P — Koo?)Vo = [H + P — (K + K,)v® — (L/g)(dv/dt) |V 


On combining Equation [2] with the equation of continuity 
av = [8] 
we obtain 
d?V /dt? — r(dV/dt)? —S/V = —S/T..........[4] 


3 See a forthcoming paper entitled, ‘Protective Air Vessels for 
Rising Pipe Lines,’”’ Proceedings of The Institution of Mechanical Engi- 
neers, London, England. 
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r = (K + K,)g/(La) 
S = ag(H + P — 
T = (H + P — Ku*)Vo/(H + P) 
It will be noticed that T is the air volume at zero flow. 
Equation [4] cannot readily be integrated completely, but (as 
shown in the Appendix) the air volumes V, and V; at the first 


crest and at the first trough, respectively, may be obtained suc- 
cessively from the equations 


[Ei(—2rVo) — Ei(—2rV,)] 


aty? 


2S exp (—2rVo). . 


— (—2rV,) — exp (—2rVo)] = 


{Ei(2rV~) — Ei(2rV,)]— [exp (2rV2) — exp (2rV;)] = 0.. [6] 


which may be solved by trial to any desired degree of accuracy. 
The calculations are greatly facilitated by the use of the excel- 
lent tables of the exponential function exp (x) and of the ex- 
ponential integral Ei(x) published by the Work Projects Ad- 
ministration for the City of New York.‘ The corresponding 
pressures are then found from the isothermal relation. The 
Appendix in addition explains the procedure to be adopted if 
2rV exceeds 15, the limit of the exponential integral tables, and 
it also shows how to determine ¢; and tz, the times which elapse 
before the first crest and the first trough are attained. 

Damping should not be carried so far that a dangerous pres- 
sure occurs in the pipe below the tank when the load is thrown 
off. At this instant the water in the pipe, which is moving with 
velocity vo, is diverted through the damping device. Hence the 
sudden pressure rise is K,)?, and this must be kept within safe 
limits. 


EXPERIMENTAL APPARATUS AND RESULTS 


To test the conclusions of the preceding section, a small pipe 
line was assembled at the Engineering Laboratory, Oxford 
University. Water was taken from a constant-level tank on the 
roof through 222 ft of 2-in. pipe to the apparatus shown in Fig. 1. 


Fig. 1 ELevation or APPARATUS 


The tank A, 2 ft high and 6'/, in. diam, was bolted down on top of 
the casting B, and it was made of glass in order that the move- 


‘“Tables of the Exponential Function,’ Mathematical Tables, 
vol. 2, 1939; ‘‘Tables of the Sine, Cosine, and Exponential Integrals,”’ 
Mathematical Tables, vol. 5, parts 1 and 2, 1940, Work Projects Ad- 
ministration, New York, N. Y. 
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ments of the water surface could be directly measured with a 
vertical scale pasted on the glass. Hence the corresponding air 
volumes could be deduced if the water surface remained flat. 
The level in the roof tank was 31.4 ft above the zero of the scale. 
The pressure was read on the Bourdon gage C, which was con- 
nected by a pipe leading through the casting up into the air space, 
and valves on this pipe permitted the air volume to be set as de- 
sired. The initial steady velocity vp was controlled by the valve 
D and measured by a Venturi tube inserted in the pipe. The con- 
ditions brought about by a sudden shutdown were reproduced by 
means of the plug cock FE, which could be abruptly closed with a 
short key. 

In order that the friction loss in the pipe under steady flow 
might be determined more accurately than was possible by read- 
ing the pressure gage, an open standpipe was carried from the 
base of the casting up onto the roof. Losses of head exceeding 
6 ft were measured by a mercury gage also placed on the roof. 
In this way the loss of head was found to be 0.83 v'-*? ft. It is 
necessary to assume in the theoretical analysis that the loss varies 
as the square of the velocity, and for use with Equations [5] and 
[6], the average value 0.77 was adopted for K. 

In the first experiments there was no damping whatever at the 
base of the tank, the internal diameter of which was the same as 
that of the opening in the top of the casting. Three sets of ob- 
servations were made. In the first, Vo was adjusted to 0.3 cu ft, 
while % was varied between 1 and 5.5 fps; in the second and third 
this procedure was repeated for Vo = 0.2 and 0.1 cu ft, but these 
tests had to be cut short when the safety limit of the glass was 
approached. The disturbances of the water surface were negli- 
gible throughout. The results are shown in Figs. 2, 3, and 4, 
where the broken lines indicate the experimental observations, 
and the full lines the theoretical values calculated from Equations 
{5] and [6]. The index of compression of the air is taken in the 
theory to be unity, but in these tests its average value, calculated 
from the pressures and volumes at the beginning and end of the 
compression, was nearly 1.4. Hence the spring effect of the air 
on the water was stiffer than the theory supposes. The results 
shown in Fig. 2, where the theoretical reductions in volume at the 
first crest are seen to be greater than those observed, were there- 
fore not unexpected, but the agreement between the pressures at 
the first crest (Fig. 3) is surprisingly good. 

It should be borne in mind that these experiments imposed a 
severe test on the friction corrections, e.g., with Vo = 0.3 cu ft 
and v = 5.5 fps, the initial gage pressure observed was as low as 
4.2 psi, compared with the static gage pressure of 13.4 psi. It is 
these large friction effects which explain why at the bigger veloci- 
ties the air volume V; at the first trough (Fig. 4), so far from be- 
coming greater than Vo, was actually less. The oscillations of the 
water surface take place approximately about the final static 
position, which rapidly became higher in the tank as up was in- 
creased. Under these circumstances the rising inertia forces were 
more than counterbalanced, and V2 became smaller. For V>) = 
0.3 cu ft and » = 5.5 fps the time 4; to the first crest was calcu- 
lated to be 2.15 sec, which is in agreement with 2.1 sec, the mean 
of two observations with a stop watch. 

In the second experiments a damping arrangement was fixed at 
the base of the tank. This consisted of a steel disk 0.22 in. thick 
(shown in Fig. 1), through which thirty-six holes '/s in. diam 
were drilled, and again the disturbances to the water surface were 
inconsiderable. A test of a single hole showed that the coefficient 
of discharge was approximately 0.6, and with the aid of Equation 
[1] K, for the disk was found to be 2.18. As before, three sets of 
observations were made, leading to the results shown in Figs. 5, 
6, and 7. These are seen to be of the same general form as Figs. 
2, 3, and 4 except that the divergences between the observed and 
theoretical pressures at the first crest are more pronounced. The 
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amount of damping used was moderate, the sudden pressure rise 
Kyu? at shutdown amounting only to 66 ft (29 psi) at the highest 
velocity. Nevertheless, its effects were marked, e.g., at Vo = 
0.3 cu ft and » = 5.5 fps, the observed pressure rise was reduced 
from 128 to 83 per cent. 


CONCLUSIONS 


In the experimental apparatus the assumptions explained in 
the third paragraph of the second section were inevitably 
violated, and in such a small plant the doubtful pipe-friction 
term in Equation [4] was of similar importance to the inertia 
term, which is accurate. Yet the discrepancies between theory 
and experiment were found to be no greater than may reasonably 
be attributed to the divergence between the assumed and ob- 
served indices of compression and expansion. In a large plant, 
therefore, we may expect theory somewhat to underestimate the 
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maximum pressure rise at an instantaneous shutdown. But in 
practice this lack of agreement will be reduced because the flow 
to the turbine cannot be abruptly stopped in the manner which 
the theory supposes. Hence it seems probable that the theory is 
sufficiently accurate for most purposes. Certainly it may be used 
with confidence at least in the early stages of design. 


Appendix 


To integrate Equation [4], let dV/dt = y'/?. 
[4] becomes 


Then Equation 


dy 1 1 
av - 


of which the solution is 


yexp (—2rV) = as f dV + (—2rV) + 


where C is a constant. 
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amount of damping used was moderate, the sudden pressure rise 
K,vo? at shutdown amounting only to 66 ft (29 psi) at the highest 
velocity. Nevertheless, its effects were marked, e.g., at Vo = 
0.3 cu ft and v © 5.5 fps, the observed pressure rise was reduced 
from 128 to 83 per cent, 


CONCLUSIONS 


In the experimental apparatus the assumptions explained in 
the third paragraph of the second section were inevitably 
violated, and in such a small plant the doubtful pipe-friction 
term in Equation [4] was of similar importance to the inertia 
term, Which is accurate, Yet the discrepancies between theory 
and experiment were found to be no greater than may reasonably 
be attributed to the divergence between the assumed and ob- 
served indices of compression and expansion. In a large plant, 
therefore, we may expect theory somewhat to underestimate the 
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maximum pressure rise at an instantaneous shutdown. But in 
practice this lack of agreement will be reduced because the flow 
to the turbine cannot be abruptly stopped in the manner which 
the theory supposes. Hence it seems probable that the theory is 
sufliciently accurate for most purposes. Certainly it may be used 
with confidence at least in the early stages of design. 


Appendix 


To integrate Equation [4], let dV/dt = y'/*. 
[4] becomes 


Then Equation 
dy l l 

— 2ry = 2S 
dV ( V 


of which the solution is 
ex 2rV 
yexp (—2rV) = as exp (—2rV) + C17] 


where C is a constant. 
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Att = 0, V = Voand dV/di = —avw, hence from Equation [7] 


exp (—2rVo) = exp (—2rVo) +C........ [8] 


if the lower limit of the integral is Vo. 
The subtraction of Equation [8] from Equation [7] yields 


dV \? exp (—2rV) 
exp (—2rV) = as d\ 


s 
+ <7, [exp (—2rV) — exp (—2rV0)] + atu? exp (—2rV,) 


S 
= 2S[Ei(—2rv) — Ei(—2rVo)] + T [exp (—2rV) 


—exp (—2rVo)] + exp (—2rV). . [9] 


At the first crest dV/dt = 0. Thus to find V; the right-hand side 
of Equation [9] must be equated to zero, giving the result shown 
by Equation [5]. 

To determine V., the sign of r must be changed because friction 
acts in the opposite direction when the air is expanding. The 
initial conditions are now V = V; and dV/dt = 0 at t = t and 
hence Equation [6] follows directly from Equation [5]. 

When 2rV exceeds 15, the exponential integral Fi(r) may be 
evaluated by means of the asymptotic series 


! ! 


The terms within the brackets first decrease and then increase to 
infinity. Only the terms as far as the least are to be employed, 
and on this understanding the error involved by the use of the se- 
ries is less than this least term. However, sufficient accuracy will 
generally be obtained with the first three terms only; and then 
to avoid small differences between large quantities Equation 
{10] may be inserted into Equations [5] and [6], giving the equa- 
tions 


1 1 1 1 
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which can be solved by trial as before. 
For the calculation of t; it is convenient to write 


W = exp(—2rV), Wo = exp(—2rV0), Wi = exp(—2rV,),. . [13] 
Z? = 28[Ki(—2rV) — Fi(—2rV»)] 
+ rT (W— Wo) an? Wo. {14) 


so that Equation [9] becomes 


For the range 0 < t < t:, W is positive and dV /dt negative, hence 
the negative square root of Equation [15] should be employed. 
Thus with the aid of Equation [13] 


y, 2r Jw, 


The graphical evaluation of this integral cannot be completed 
because Z vanishes at the upper limit, but this difficulty can be 
avoided by a transformation. 

From Equation [14] 


dZ 1 1 _ 
2Z av = asw [17] 
while from Equation [13] 
dZ dZ 
aw [18] 


On equating Equations [17] and [18] and substituting the result 
in Equation [16] we have 
/s 


on We 
0 wi’ 
\ 


in which the denominator is zero when V = T. The graphical 
work should therefore be divided into two parts; Equation [16] 
is to be used from V = Vy to some value of V lying between 7’ and 
Vi, and Equation [19] for the remainder. The value of tz can be 
found in a similar manner. 
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Increase of Stress With Permanent Strain 
and Stress-Strain Relations in the Plastic 
State for Copper Under Combined Stresses 


By E. A. DAVIS,! EAST PITTSBURGH, PA. 


Annealed-copper specimens in the shape of hollow cylin- 
ders have been tested by subjecting them to combined 
axial tension and internal pressure. A given ratio of the 
internal pressure to the axial load has been maintained 
throughout each test, but for different tests this ratio was 
changed so as to cover the range from pure tension at one 
extreme to the case of equal biaxial tensions at the other. 
The results have been used to study the manner in which 
the plastic strains increase with increasing stress and also 
to determine the relationships between the three principal 
strains at any instant during the test. Also, a few observa- 
tions are made on the types of fracture obtained under 
various conditions of loading. 


INTRODUCTION 


HE problem of stress-strain relations under the influence 

of a state of combined stress is complex even for small de- 

formations. If the deformations under these combined 
stresses become large, the complexity is increased and there 
may even be differences of opinion about what variables should 
be used to describe the behavior of a material that has been 
strained more than 1 or 2 per cent. Part of the difficulty comes 
from the fact that cross-sectional areas change so that the original 
dimensions can no longer be used to determine the stresses. 
Another difficulty arises from the fact that the original planes of 
maximum shearing stress rotate with additional deformation so 
that after the material has been strained these planes coincide 
with an entirely different layer of the material. 

There are two distinct phases to the combined-stress problem. 
One is concerned with the strength of the material, or the manner 
in which the strains change with increasing stresses. The other 
is concerned with the distribution of the various strains or the di- 
rections in which flow is taking place at any instant under a given 
state of stress. 

This paper will deal primarily with the latter phase of the 
problem, but the data obtained from these tests may be used to 
draw some conclusions regarding the former phase. Considera- 
tion will also be given to the types of rupture obtained. 


DESCRIPTION OF VARIABLES 
In this paper the following nomenclature is used: 


o = normal stress 
01, 02,0; = principal normal stresses 


1 Westinghouse Research Laboratories. 

Presented at the National Meeting of the Applied Mechanics Di- 
vision, Pittsburgh, Pa., June 25-26, 1943, of Taz AMERICAN SOCIETY 
oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1944. Discussion received after the closing 
date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the_Society. 


7 = shear stress 
= unit strain 

€1, €2,€3 = principal unit strain 
y = unit shear strain 


The bar (~) above a stress variable denotes a true stress which 
has been determined by considering the actual dimensions of the 
specimen at the instant the stress occurred. The same bar (~) 
above a strain variable denotes a natural strain which will be 
described later. 

The three principal shear stresses are defined as 


[1] 


= 


Similarly the three principal shear strains are 


For large strains the true normal stress ¢ can usually be ex- 
pressed in terms of the conventional stress o and the strain e. 
In any case the true stresses can always be computed from data 
taken during the test since the volume of the material does not 
change during plastic deformation. Another consequence of the 
constancy of the volume of the material is that for small plastic 
strains the sum of the three normal strains is zero: 


Therefore only two of the strains need to be measured. For 
large deformations, however, Equation [3] does not hold and if 
some such relation is desired a new variable must be used. This 
is accomplished by defining the “natural’’? strain ¢ as 


The sum of three perpendicular natural strains is zero even for 
large deformations 


The three principal “natural” shear strains are 


yi = y= = [6] 


These variables, true stresses ¢ and ¢ and natural strains ¢ and 
y, can be used to describe the stress-strain relations of a material 
beyond the range of infinitesimal strains. Thus, for a pure ten- 
sion test on a round bar of length the conventional stress-strain 
diagram can be transformed into a true stress - natural strain dia- 
gram by the following relations. 

These relations are based upon uniform strains through- 
out the gage length and hence are not applicable beyond the 
point where the ultimate strength is reached in a tension test or 
the inflection point in a creep test. 


2 See reference (12) for a more detailed account of this subject. 
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Ao 
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In(1 + €:), = = In(1 €2) 


DESCRIPTION OF PROBLEM 


In the case of a pure tension test where a2 = o3 = 0 it is quite 
evident that « can be set equal to ¢; if the material is isotropic. 
This is equivalent to saying that a solid bar which is round at the 
beginning remains round during the test. The relation between 
«: and ¢ for the general case where the intermediate principal 
stress o: may have any value between a; and o; constitutes the 
main problem of this investigation. This may be most easily 
explained by referring to Fig. 1, which shows a small cubical ele- 
ment subject to three princi- 


pal stresses 1, o2, and o3 where 
o1 >o2 > os. If ois equal 
to oi the strain in the di- 
/ rection of oz, should be equal 
to the strain in the di- 
rection of o:) and since the 
/ Ne i 2 “sum of the three strains must 
be zero, es must be twice as 
large as either or e and of 
el the opposite sign. If o2 is 


equal to o; then as has been 
noted for the tension test & 
is equal to ¢. Both are nega- 
tive and equal to one half «. If o2 is midway between o; and 
o: 80 that 7; is equal to 7; experiments show that e is zero. 

This has been, demonstrated in internal-pressure tests by Nor- 
ton, one of which is shown in Fig. 2 and it has been checked in the 
test results of this investigation. It may be stated that in the 
three relations just mentioned the effects are due to the symme- 
try of the principal shear stresses, for in each case two of them are 
of equal magnitude. When gz has any other intermediate value, 
no symmetry exists, and very little can be said about the relative 
values of the three principal strains until the law regulating the 
distribution of them is known. 


Fie. 1 Cusicat ELEMENT SuB- 
TO COMBINED STRESSES 


Previous Work 


As far as the author knows, two different theories exist which 
relate to the distribution of strains mentioned in the preceding 


3“‘Creep in Tubular Pressure Vessels,’’ by F. H. Norton, Trans. 
A.S.M.E., vol. 61, 1939, pp. 239-245; also, ‘‘Report on Tubular 
Creep Tests,” by F. H. Norton and C. R. Soderberg, Trans. A.S.M.E., 
vol. 64, 1942, pp. 769-777. 
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paragraph. Both of these theories have dealt only with small 
strains. The older of the two states that under the condition of 
stationary flow at any given instant the principal shear strains 
are proportional to the principal shear stresses and may be written 
as 

& 


——— = K (const) 
| 


€1 —— €2 


@ 


These relations are based upon those suggested by St. Venant‘ 
and were used by Lode,® Nadai,® Soderberg,’ and others. It is 
equivalent to stating that the Mohr diagrams for the stresses 
and the strains, as shown in Fig. 3, are geometrically similar. 
Lode tested tubes in combined tension and internal pressure.*® 
In order to compare his results he introduced two new variables 
u and » which are defined as the ratios of OB to OA in Fig. 3. 


203 — — 93 — €; — €3 


@ 

In order for Equation [8] to be satisfied, it is evident that 4 must 
be equal to v. Lode’s test results, which are given in Fig. 4, show 
a deviation from the line » = » but for practical purposes this re- 
lation was taken as representing the behavior of the material. 
Taylor and Quinney® ran combined tension-torsion tests on vari- 
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l’établissement des équations des mouvements intérieurs 
opérés dans les corps solides ductile au delA des limites ot l’élasticité 
pourrait les ramener 4 leur premier état,’’ by B. de Saint-Venant, 
Comptes Rendus, vol., 70, 1870, pp. 473-480: also Journal des 
Mathematiques pures et appliquées, vol. 16, 1871, pp. 308-316 and 
373-382. 

5 “Der Einfluss der mittleren Hauptspannung auf das Fliessen der 
Metalle,”” by W. Lode, Forschungsarbeiten, Heft 303, V.D./. Verlag, 
Berlin, Germany, 1928. 

6 ‘Plasticity,’ by A. Nadai, McGraw-Hill Book Company, Inc., 
New York, N. Y., 1931, p. 75. 

7“The Interpretation of Creep Tests for Machine Design,” by 
C. R. Soderberg, Trans. A.S.M.E., vol. 58, 1936, pp. 733-743. 

8’“‘Combined Stress Experiments on a Nickel-Chrome-Molyb- 
denum Steel,’’ by J. M. Lessells and C. W. MacGregor, Journal of The 
Franklin Institute, vol. 230, 1940, pp. 163-181. 

§“*The Plastic Distortion of Metals,’’ by G. I. Taylor and H. 
Quinney, Philosophical Trans. df the Royal Society of London, 
series A, vol. 230, 1931, pp. 323-362. 
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ous materials and found that the departure from the line u = » 
was different for each material. This would tend to indicate that 
the shape of the stress-strain diagram may influence the distri- 
bution of the principal strains. Their test results are shown in 
Fig. 5. 

This theory may be applied to the strain rates in a combined 
stress-creep test if the test has progressed to that stage where the 
creep curves have become straight lines, i.e., to that point where 
the strain rates depend only upon the stresses. An equation 
similar to Equation [8] would be obtained 


28 


Equation [10] is in reality a statement of the law of viscous flow 
and Equation [8] was derived in the first place from Equation 


[10]. It could be written in the form 
d d 
= = K’n, = tr, = K’"rs [11] 


A new variable £ can be introduced to express the condition simi- 
lar to Equation [9] 


and if Equation [10] is correct, it is evident that § = u. 

It must be pointed out here that the theory just presented has 
been built up to describe only small strains and then only for 
cases where the directions of the principal stresses remain fixed 
with respect to the material. For cases where the directions of 
the principal stresses are changed, only the differential strains 
can be considered. It is the opinion of the author, however, that 
the theory can be applied to larger strains if the natural strains 
«and y are substituted for the ordinary strains « and y in Equa- 
tions [8] to [12], and if as in the present tests the directions and 
relative magnitude of the principal stresses do not change during 
a test. 
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The other theory which may possibly apply to this problem was 
developed to describe the principal strain rates in creep tests 
under combined stresses. This theory which was originated by 
Bailey’ and was used with some reservations by Tapsell and 
Johnson" gives the following expressions for the principal strain 
rates 


de, 

a A[(o; — a3)? + — a3)? + (03 — 
[(o1 — — (0, — 

A[(a, — + (¢2 — + — 

[(o2 — — (0, — 

= A[(o1 — + — a3)? + — 


[(os — — — 


The exponents in Equations [13] are chosen so that for the 
case of pure tension where o: = a3; = 0, the equations will reduce 
to the power-function expressions commonly used for the stand- 
ard creep test in tension 


Bailey’® gives his reasons for writing Equations [13] in the 
way that he does but the difference between this theory and the 
one given by Equation [8] can be explained readily by picturing 
three cubes similar to those shown in Fig. 1. Let each cube repre- 
sent an element taken from three different test specimens, and 
it is to be supposed that the stresses are different in each cube but 
that in each case o; = o2 2 o3. It is known from creep tests in 
tension that the maximum principal shear-strain rates will not 
be proportional to the maximum shear stresses, but that they 
may be approximated by a power function, such as 


10 “The Utilization of Creep Test Data in Engineering Design,” 
by R. W. Bailey, Journal of The Institution of Mechanical Engineers, 
vol. 131, 1935, pp. 131-269; see also Engineering, vol. 140, 1935, pp. 
595-596 and 647-651. 

1 “Creep Under Combined Tension and Torsion,” by H. J. Tapsell 
and A. E. Johnson, Engineering, vol. 150, 1940, pp. 24-25. 
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Both theories allow for expressions of this kind but they differ 
when the relationships between the simultaneous values of the 
three principal shear stresses in the same cube and the corre- 
sponding shear-strain rates are concerned. In terms of principal 
strain rates the older theory states that at any instant 


d 1/d d 
ts = — 12) 


da _1(dn 
dt 3\dt dt 
dt 3\d dt 
where ¢ is not necessarily a constant but may be some function 


of the stress, such as the first bracket on the right side of Equa- 
tions [13]. Equations [16] are obtained by substituting the 


— 73) 


| 
| 
t 
— 711) | 


d 
shear stress 7 for the shear-strain rate - and affixing the proper 


proportionality factor containing ¢. 

Bailey’s theory presumes that if power-function relations like 
Equation [15] hold for corresponding stresses in the three dif- 
ferent cubes, then the relations between the principal shear stress 
and corresponding shear-strain rates in the same cube at any 
given instant should not be linear as in Equations [11], but should 
also be some kind of a power function. Bailey’s equations can be 
obtained by substituting r”~*” for r in Equations [16], as follows 


de; 1/dys dys n-—2m n-2m 
dt 3 ( dt dt ) 


des (2 dn 
dt 3\dt dt 


It must be pointed out here that the substitutions made in 
Equations [17] are not equivalent to assuming that the shear- 
strain rates are proportional to the corresponding shear stresses 
raised to a given power, for such an assumption would imply a 
change in volume for any exponent except n — 2m = 1. The 
shear-strain rates as obtained from Equations [17] are 


dn 


dys n—2m n—2m 


In order that the two theories may be compared, it is neces- 
sary to substitute Equations [17] in Equation [12], which gives 


a 2m + 73" 2m 


Fig. 6 shows a plot of u versus — for various values of the ex- 
ponent n — 2m. Two items of interest are immediately apparent: 
(1) If n — 2m is equal to either 1 or 3 then » = £ and the two 
theories are identical in this respect. (2) If n — 2m has any value 
other than 1 or 3 there is a deviation from the straight line » = & 
but for values between 1 and 3 the deviation is on one side of the 
straight line while for values greater than 3 it is on the opposite 
side. The maximum deviation for values between 1 and 3 occurs 
when n — 2m is equal to 1.8 approximately. 
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So far as the author is aware, all the test data that have been 
reported show a deviation on the side where n — 2m must be 
greater than 3, but unfortunately most of these data have dealt 
with the distribution of strains rather than strain rates. Tapsell 
and Johnson! report on a material where m = 0 and n = 2.2 
but their test data cannot readily be transferred to a plot such 
as Fig. 6, for comparison. Whether or not this indicates a weak- 
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ness in Bailey’s theory can probably not be determined until 
more data from combined stress-creep tests are available. It does 
seem peculiar, however, that a material which would follow the 
complicated expressions in Equations [13] when n — 2m is equal 
to 3 would at the same time deform in the same manner as a per- 
fectly viscous body as far as the distribution of the principal 
strain rates at a given instant is concerned. Another item of in- 
terest which may be pointed out is that both theories agree for 
those symmetrical cases where there are two equal principal 
shear stresses (u = —1, 0, and +1). 

In order to have Bailey’s theory apply to the present investiga- 
tion it would be necessary to write Equations [17] in the following 
manner 


a= 3 (Y¥3 — ¥2) = o(*73 — 


ea = 3 — ¥3) = — | 


~ 
> 


From these equations the value of the variable » would be 


-  2a—a—e [21] 
€1 — 63 + 


In all of these equations where a shearing stress is raised to 
some power it is necessary that the value of the shearing stress 
be kept positive. For example, if o; > o2 > o3 the value of 7, = 


seo is negative and if it is to be raised to some power, it 
k 
must be regarded as = — | 


Test PRocEDURE 


The tests of this investigation were combined internal-pressure 
and axial-tension tests in which the ratio of the internal pressure 
to the axial load was kept constant throughout the test. Since 
these tests were not constant load-creep tests the distribution of 
the strains rather than the strain rates was studied. The test 
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specimens were annealed-copper tubes, as shown in Figs. 7 and 
8. The cylindrical part of the tubes was 8 in. long, but only the 
middle 4-in. length was used as a gage length. The specimens 
were mounted in the special grips shown in Fig. 7, and were pulled 
in a 30-ton Amsler testing machine which produced part of the 
axial load. The internal pressure was produced by a separate 
high-pressure Amsler pump with a measuring-pendulum ma- 
nometer. The pump was connected to the specimen through the 
special grips. 

In all tests except the pure internal-pressure test and those 


where — = 1, the stress in the axial direction was the greatest; 


thus with these exceptions o; = axial stress, og = tangential 
stress, and o; = radial stress. The radial stress 03; was taken as 
zero although it actually varied from zero on the outside to a 
negative value equal to the internal pressure at the inner surface 
of the cylinder. The measuring pendulum on the high-pressure 
pump was adjusted to a length such that, at full-scale deflection 
on both the testing machine and the high-pressure pump, a given 
ratio between o2 and o; would be established. To maintain this 
ratio during the operation of the test, then, it was only necessary 
to keep the indicating pointers of the two machines deflected 
through the same angle. 

Two scratches were put on the specimen at the ends of the 4-in. 
gage length and the axial extension was measured to the nearest 
0.01 in. with dividers and a scale. The outside diameter was 
measured at six places within the gage length with an ordinary 
micrometer. The load was always removed when readings were 
taken so that no further extension would occur while the measure- 
ments were being made. From these data, it was possible to cal- 
culate the wall thickness and the mean diameter and to deter- 
mine the three principal stresses and strains. The stresses, cal- 
culated from the actual dimensions of the cylinders, are the true 
stresses. It should be mentioned that the ratio of these true 
stresses did not remain constant throughout the test, but the 
relative value of the tangential stress increased in those cases 
where the diameter of the specimen increased, and decreased 
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slightly when there was a decrease in the diameter. This effect 
was most pronounced in the pure internal-pressure test and in the 
tests where the tangential stress was equal to the axial stress at 
the beginning, for in these cases both the increase in the diameter 
and the reduction in wall thickness operated together to increase 
the tangential component of the stress. In the other tests this 
change in the ratio of the stresses was negligible except at ex- 
tremely large strains and because of this exception several of the 
tests were not carried out to rupture. 

Two lots of material marked A and B were used in the present 
series of tests. In lot A the pure-tension test was run on a stand- 
ard 0.505-in-diam specimen. All other tests in both lots were 
run on the tubular specimen shown in Fig. 8. In lot A, the wall 
thickness was not measured accurately before testing, but it was 
assumed to be exactly 0.1 in. In lot B, however, the wall thick- 
ness was measured at four points along the circumference and 
along the full length of the cylindrical portion of the specimens. 
Thus in lot B the stresses are determined somewhat more ac- 
curately than in lot A. In lot B all of the tests were carried out 
to fracture. 
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Test Resvutts 


The results of physical tests on metals are usually presented in 
the form of stress-versus-strain diagrams, but when the material 
is subjected to combined stresses there arises the question of which 
stresses and which strains to plot in order to get the best picture 
of the behavior of the material. In this paper the principal shear 
stresses have been plotted against the corresponding principal 
shear strains. The diagrams are shown in Figs. 9 and 10. The 
stresses are true stresses and the strains are natural strains as de- 
scribed earlier in the paper. Since the radial stress is taken as 


zero (o; = 0), the tests can be designated by the ratio of the other 
two principal stresses. 


In Fig. 9 the first curve, 7 os 0, represents a pure tension test 


on a solid specimen. There is only one curve since two of the 
principal shear stresses are equal and the other is zero. The curve 


1 
for— = 3 corresponds to a state of pureshear. The curve for = 


= 1 represents a case of two equal tensions acting in directions 
perpendicular to each other. The two upper curves in this group 
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should coincide with each other if the tube were symmetrically 
loaded. The discrepancy is due to the fact that the ratio of the 
tangential to the axial stress did not remain constant as the tube 


deformed. In Fig. 10, the first curve, > 0, represents a pure 


tension test on a tubular specimen, while the fifth group of curves 

represents a pure internal-pressure test. 

in Fig. 10 are similar to those in Fig. 9. 
The pure internal-pressure test was run to check the isotropy 


Otherwise the curves 


o 
of the material. In the tests, where : 


no change in the mean diameter and in the internal-pressure test 
there was no perceptible change in the length of the specimen. It 
may be concluded then that the material did not have appreciable 
directional properties, caused by the forming of the original 
stock, that would affect the flow characteristics of the copper. 

If a law similar to that given by Equation [8], but with natural 
strains used in place of ordinary strains, is to be satisfied, the end 
points on each set of curves in Figs. 9 and 10 should lie on a 


1 
= 9 (o, axial), there was 


straight line passing through the origin. The curves for — = Oor 

'/, satisfy such a law. The curves for the other tests, where all 

three principal shear stresses are different, do not agree. This 

can be seen by connecting the end points of any set with straight 


1 
lines as has been done for the cases where — = 1 It is only 


necessary to compare the distribution of the strains at one point 
on the curves since the ratio of any two of the principal strains 
remained practically constant during the test. 

The values of y and >» for these tests have been computed and 
are plotted in Fig. 11 together with curves representing several 
values of the exponent k in Equation [21]. The points lie quite 
close to the curve for k = 4. These values and the actual ratios 
of the stresses and strains are given in Table 1. Where the actual 
stress ratios differ from the nominal ratios, the values taken rep- 
resent an average covering the latter half of the test. To show 


o 3 
how much these ratios changed during a test, the data for * = 4 


lot B are given in Table 2. 

The upper curves in each of the tests in Figs. 9 and 10, are re- 
plotted on the same co-ordinate axes in Fig. 12. This results in a 
plot of maximum shear stress versus maximum shear strain for 
various conditions of loading. It will be observed that the points 
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ComMBINED INTERNAL-PRESSURE AND AXIAL*TENSION TESTS 
on CopPER 


Fig. 11 
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TABLE 1 


Nominal ratio 


VALUES OF » AND » FOR ANNEALED COPPER 


Actual ratio 


a «2 
«3 v 
LOT A 
0 —1.00 1.00 —1.00 
1/4 0.24 —0.52 0.29 —0.38 
0.37 —0.26 0.11 —0.16 
0.50 0 0 
5/s 0.64 0.28 —-0.12 0.19 
3/4 0.78 0.56 —0.26 0.45 
1 0.964 0.92 —0.48 0.95 
LOT B 
0 0 —0.100 1.00 —1.00 
0.24 —0.52 0.29 —0.36 
3/s 0.37 —0.26 0.12 —0.17 
1/3 0.50 0 0 0 
Pure inter- 
nal pressure 0.474 —0.06 0 0 
0.80 0.60 —0.29 0.51 
1 0.954 0.90 —0.40 0.75 


40, = Axial stress. 


TABLE 2. TEST DATA FOR@ = 3, LOT B 
o1 4 


2500 1085 9160 6930 0.76 0.0099 —0.32 
3500 1520 13050 9930 0.76 0.0211 —0.30 
4500 1955 17050 13120 0.77 0.0332 —0.30 
5500 2390 21340 16500 0.77 0.0513 —0.29 
6500 2825 26030 20450 0.79 0.0748 —0.28 
7500 3260 31680 25300 0.80 0.1114 -—0.29 
8000 3480 35900 29250 0.81 0.1530 —0.29 

8250 3590 Broke 


could be very well represented by one curve y2 = f(72). The 
greatest deviation is that of the pure-tension test of lot A. This 
may be due to the fact that this test was run on a solid bar rather 
than on a tubular specimen. It should be pointed out, however, 
that although the shape of the specimen was different it was cut 
from the same original stock and was annealed at the same time 
as the tubular specimens of lot A. 

In some previous work by Dr. A. Nadai' and the author, the 
octahedral shear stress 7, and the octahedral shear strain y, were 
used to compare the results of tension and torsion tests. These 
quantities are defined by the following relations 


2 2 ~ 2) 

Yn = 3 + ¥3 ] [23] 


Fig. 13 shows the results of the present tests plotted as a fune- 
tion of these two variables. Here again the results could be rep- 
resented by one curve y, = f(7,) but the agreement does not 
seem to be quite as good as that shown in Fig. 12. Also in this 
case it is the pure-tension tests which show the greatest deviation 
from the apparent trend of the other curves. 

A law which will describe very closely the behavior of soft cop- 
per under combined stresses can now be obtained by combining 
Equations [20] with the data shown in Fig. 12. These data can 
be expressed by the relation 


where 72 is the maximum shear stress and +¢ is the corresponding 
shear strain. When this is done the value of ¢ is found to be 


122 “Plastic Behavior of Metals in the Strain-Hardening Range— 
Parts I and II,”’ by A. Nadai and E. A. Davis, Journal of Applied 
Physics, vol. 8, 1937, pp. 205-217. 
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and the expressions for the three principal strains become 


- 
a= 
+ 
Tl 
e= 


where k = 4 approximately and the values of f(72) can be taken 
from Fig. 12. The algebraic sign of f(72) is negative since both 
72 and +2 are negative. Thus, the proper signs for the principal 
strains are obtained; « is always positive, ¢; is always negative 
and « ez may be either depending upon the relative value of 7; and 


A similar result could be obtained by using y, = f(r,) from Fig. 
13 rather than y2 = f(rz) as just given, but the expression for 
¢@ would be more complicated and for this material at least the 
agreement would not be as good. 
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Equations [26] are not exactly the same as Bailey’s equations 
but the author believes they represent Bailey’s theory as it might 
be applied to the problem of the distribution of plastic strains in a 
ductile material subjected to combined stresses. 

The problem of rupture in the present investigation has been 
studied only to a limited extent. The change in the relative values 
of the principal stresses as the strains become large and nonuni- 
form makes it difficult to analyze the rupture conditions in a 
material as ductile as annealed copper. The final points on the 
curves in Figs. 9 and 10 do not represent the material at rupture 
but there is a definite tendency for the value of the maximum 
principal shear strain +2 at rupture to decrease as the value of the 
ratio 

tension test is represented by a point much farther out on the 
curve 7: = f(r2) than the point representing failure for a case of 
equal biaxial tensions. 

The ruptured specimens of lot B are shown in Figs. 14 and 15, 
and the rupture data, as nearly as they could be determined, are 
given in Table 3. The dimensions listed in Table 3 were ob- 
tained by cutting sections from the ruptured,specimens and 
measuring the necked regions as carefully as possible with ball- 


increases from zero to unity. Thus rupture in a pure 


Bud Buy 
PURE INT. 
PRESSURE 


Fic. 15 Ruprurep Specimens Lor B 


point micrometers. The first four tests, listed in Table 3, failed 
by a circumferential rupture while the last three failed by longi- 
tudinal cracks. The test for— = : fractured mainly due to the 
tangential stress although the axial stress was higher. Table 3 
shows that the four specimens which failed by circumferential 
fractures did so at a rupture stress in the axial direction of about 
68,000 psi, while the three that broke by longitudinal ruptures 
fractured when the tangential stress reached a value of about 
40,000 psi. Thus it seems that there is an anisotropy in the ma- 
terial as far as failure is concerned. This can be further demon- 
strated by comparing the maximum principal extension at rup- 


TABLE 3 RUPTURE DATA ON LOTB. 
Rup- Tangen- 
ture Outside Wall Axial tial 
o2 Rupture _ pres- diame- thick- stress, stress, 
1 load, Ib sure, psi ter,in. ness, in. psi psi 
12610 0 1.030 0.060 68900 
1/4 11600 1235 1.321 0.048 68000 15800 
3/s 10900 1860 1.375 0.047 67800 25400 
1/3 10200 2500 1.418 0.050 63600 33000 
3/4 8250 3590 1.585 0.068 43700 38200 
1 5200 3660 1.680 0.067 35500 42200 
1/,4 0 3750 1.720 0.075 18700 39200 


¢ Pure internal-pressure test. 
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C2 1 
ture in the two tests where — = -. 
2 


test, the elongation at rupture in the circumferential direction 


In the pure internal-pressure 


1 
was «; = 0.27. In the test where — = 5 (o,, axial) the elongation 
at rupture was e«, = 0.68. These strains are computed from the 


reduction of area at fracture by the formula 


Thus the material seems to be more ductile in the axial direction 
than in the circumferential direction. These results agree with 
those of Siebel and Maier,'® who tested tubes under similar con- 
ditions. 

Fig. 16 shows a close-up view of the longitudinal ruptures. 
These specimens failed with a sudden fracture and no noticeable 
reduction in the load before failure occurred. There was very 
little, if any, necking as is common in uniaxial tension tests. 

In the specimens which failed by circumferential ruptures, the 
wall thickness necked down, but there was very little necking 
of the mean diameter, except in the pure tension test, and then 
the reduction of diameter was less than would be expected from a 
solid bar. 


CONCLUSIONS 


In this paper two theories of plastic deformation have been 
compared. The older theory, which is represented by Equation 
[8], is much simpler than the one recently developed by Bailey, 
and because of its simplicity is the one which probably 
should be used where stress calculations are encountered. It is 
especially desirable for such cases where the stress distribution 
changes as the material deforms. The other theory, as repre- 
sented by Equation [20] will fit the test data better but, because 
of the nature of the mathematical expressions involved, its use 
will probably be limited to those cases where the stress distribu- 
tion is known and remains constant during the deformation. 

The relation between the maximum principal shear strain and 
the maximum shearing stress is given by a common curve 72 = 
f(r2) regardless of the value of the intermediate principal stress 
o:. This curve, however, cannot be used at present to predict 
the point where failure will occur, but it can be stated that higher 


18“‘Der Einfluss Mehrachsiger Spannungszustande auf das For- 
manderungsvermogen Metallischer Werkstoffe,”’ by E. Siebel and 
A. Maier, Zeitschrift V.DJI., vol. 77, December, 1933. 
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Fig. 16 ENLARGED View or LONGITUDINAL FAILURES 


values of the intermediate stress o2 will cause failure to occur at 
lower values of the maximum shear stress. 

From the small amount of data available it appears that frac- 
ture will occur when the true principal normal stress reaches a 
certain limiting value. In the tubes used in these tests, this 
limiting value was approximately 68,000 psi in the axial direction 
or 40,000 psi in the tangential direction. 
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On Cutting and Hobbing Gears and Worms 


By D. W. DUDLEY! anp H. PORITSKY? 


Part II* 
7 Currer Requrirep To Propuce A Given Worm 


HIS problem is the converse to the problem of section 6. 
As pointed out in section 2 it is now proper to place an 
observer on the cutter. To such an observer the worm W 
appears to be undergoing a rotation —R about the cutter axis a,, 
opposite to the actual rotation R of the cutter, and a further 
screw motion M, of W within itself. The family F of positions of 
W may be obtained by neglecting M, and rotating Wo, any posi- 
tion of W, about a,. The proper cutter shape S emerges as the 
envelope E of this family F; it may also be found by rotating 
about a, the curve C, the velocity of whose points during this 
rotation R is tangent to Wo; this follows from considerations 
similar to those of section 2. 
To find the axial section of the resulting cutter by the direct 
method one proceeds as follows. 
1 Start with a point 


P:r = f(z), 0 = 0,2 = ap.............. [55] 


on the axial section of the worm W. 
2 Displace this point to 


P':r = f(z), 0 = 0,2 = a+ — 
: 


along a helix of W through an angle 0. 

3. Find the re, z, co-ordinates of P’. 

4 Rotate P’ to the plane @ = 0 by plotting the point P” (ra, z2) 
in that plane. As @ varies one obtains a curve which is the trace 
on this plane of the helix described by P’. 

5 Repeat for different points P. The envelope of the result- 
ing curves is the axial section of the cutter profile. 

In carrying out step 3 above, one first finds the z, y, z-co- 
ordinates of P’: 


pr{ = y = fsing: = [57] 


then its 22, ys, 22-co-ordinates by means of [10], 
E = R, +r, —f cos 8, 


. 
Ye cosn + sin» 


then rz = (x22 + y2)'/? may be found. The co-ordinates 


* Part I appeared in the September, 1943, issue, of this Journal, 
pp. A-139 to A-146. The section, equation and figure numbers con- 
tinue those of Part I. ; 

‘Gear Engineering Division, General Electric Company, River 
Works, Lynn, Mass. P 

2 Engineering General Division, General Electric Company, Sche- 
nectady, N. Y. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1944. Discussion received after the clos- 
ing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Te =| + f sim cos + 


sin + 2 


Le 


can now be employed to plot P’” in the plane y2 = 0. 

The alternative method proceeds in the same fashion except 
that P’ is determined so as to yield the envelope directly, by 
making 2o, 9 satisfy the equation 


aL 
f cos @— — sin 6 || — sin A| 2+ sin @ cosa 
2x 2x 


6+ cose]| { (R, + rob, [60] 
—ff’ sin A[f cos @— (R, + 1,)] = 0 


To prove equation [60] we note that in view of [57] the vector 


O,P' = OP’ — OO, = (iz + jy + 2k) —i(R, + 1,) is given by 


O.P’ = ilf cos —(R, + r,)] +Jlfsin 6] + +5 


Due to a rotation about the cutter axis the velocity 


of the point P’ is obtained by taking the cross product of the 


rotation vector by 02P’. Using ky for the rotation vector, we 
obtain 


v = kz X = 0 —sin X cosdj......... [63] 
2 | 


Hence, expanding and substituting from Equation [61] 


6L 
v, = —sin — cos sin 
2x 


= cos Alf cos (R, + 1,)], 
v, = sin A[f cos 6 — (R, + r,)]. 


We now proceed to apply the condition that this velocity is 
tangential to W by making it normal to n, the normal of W at the 
point P’: 


where n,, ny, n, are the components of the normal. 
Recall Equation [19] for W. By differentiating Equation [56] 
with respect to zo and @ we obtained the vectors 


O(2,4,2) = [f’(zo) cos 0, f’(zo) sin @, 1] 
sin 0, f(z) cos 8, ] (66) 
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which are tangent respectively to the axial section and the helix 
through the point in question. The cross product of these vec- 
tors, namely the vector 


| i j k 
—fsin@ f cos@ L/2n..[67] 
f'cos@ f'sing 1 


n=nitnjgtnk = 


is therefore directed along the normal to W at P’. Expanding 
Equation [67] we obtain 


7 


L L 
= fsin 6+ cos 0,n, = —ff’. . [68] 
2x 2r 


Now making n normal to » by applying [65] there results Equa- 
tion [60].* 
8 EXAMPLE 


As an example let us find the cutter shape required to produce 
a worm profile which is rectilinear in the axial section. The 
numerical data were as follows (see Fig. 10): 


fits 


Yi 


/ 


Fic. 10 Srrareut-Sipep AXIAL SEcTION WorM 


Outer radius of worm = 2.15 in. 

Pitch radius of worm = 1.75in. = R, 
F Thickness at pitch line of worm thread space = 0.640 in. = T, 
The axial pressure angle of the worm, ¢,, is given as = 25 deg. 


Thus 
S (zo) = 2.144512 + 1.06376 
P * As in section 6 the equation for the envelope may also be found 


directly by means of the vanishing of the Jacobian, this time of the 
variables ra, with respect to the variable 2p, 6: 


Or, Ors 
Oz O86 
dz2 dz2 (69 | 
dz 20 | 


Evaluating the derivatives from 59 and simplifying, one is led to an 
equation which is equivalent to 60. 
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and so f’ = 2.14451. 
Lead angle = 30 deg = 
Lead = 6.34830 in. = L 


Pitch radius of cutter = 2.50 in. = r,. 


As in the example given in section 6, when these values were 
substituted in Equation [60], the resulting equation was solved 
from 29 after an exact value of 6 was assumed, instead of trying 
for a solution for @ corresponding to a given z. The equation 
turns out to be quadratic in zo, but only one root will be applicable 
since the other corresponds to a value of f (i.e. of r) greater than 
the outer radius of the worm and so cannot be on the worm sur- 
face. Then by the substitution of these values of 6, zo and f in 
Equations [56]—[59] the point on the axial profile of the cutter is 
obtained. This procedure was repeated for several values “of 6 
with the results as given in Table 1 


ttt 

tt 


LINE ar 


Fie. 11 Currpr Prorite REQUIRED FOR STRAIGHT-StpEp AXIAL 
Section Worm 


The re-z, curve giving the cutter shape is shown as the heavy 
curve in Fig. 11. 

As a check upon the calculation and an illustration of the direct 
method of procedure, a fixed value of z) was taken and the various 
points 2, y, z corresponding to several @ values were found from 
Equation [57]. The substitution in [58] to give x2, ya, ze and thus 
r2=V 2x22 + y2? and z was carried out with results as in Table 2. 

This procedure was repeated for several other values of zo and 
the resulting 2-72, curves are shown as the small solid curves in 
Fig. 11. These curves have, as they should, the heavy curve as 
their envelope. 

As in the case of the problem of section 6, for practical purposes 
a deviation curve is more useful than the actual profile. Fig. 12 
shows the deviation of the actual profile of the cutter from a 
straight line of slope + ¢, = 24 deg 14 min 25.96 sec and passing 
through the pitch point (x = r,, 2; = T,/2). 


TABLE 1 

2 0.47453 2.08138 0.07264 0.50981 2.16989 0.31781 0.40519 2.19304 
1 0.42644 1.97825 0.03452 0.44408 2.27205 0.25194 0.36732 2.28598 
0 0.38792 1.89564 0.38792 2.35436 0.19396 0.33595 2.36234 
—l1 0.35502 1.82510 —0.03185 0.33738 2.42517 0.14111 0.30810 2.42929 
—2 0.32588 1.76261 —0.06152 0.29060 2.48846 0.09202 0.28243 2.49016 
—6 0.23164 1.56050 —0.16312 0.12584 2.69805—0.07834 0.19054 2.69920 
—12 0.12472 1.33123 -—0.27678 0.08689 2.94786—0.28314 0.06314 2.96252 
—18 0.03855 1.14643 —0.35427 0.27886 °3.15968—0.44624 0.06436 3.19104 

TABLE 2 
20 Zo y z xe y2 z2 ra 


6 
0.43658 2.00 4 0.13952 0.50712 
2 0.06980 0.47085 


—2 —0.06980 0.40231 


2 
2 

0 0 0.43658 2.25000 0.21829 
2 

—4 —0.13952 0.36604 2 


.25488 0.37439 0.36942 
-25122 0.29587 0.37373 
0 


"25122 0.14071 0.38250 
"25488 0.06219 0.38676 
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Fig. 13 


He GEAR 


9 HossBINnG or GEARS AND WorRMS 


Fig. 13 shows a hob working on a small helical gear. 


Worm-Cuttrer DEVIATION CURVE 


View or Hop WorKING ON SMALL 


It should 


be noted that the hob is similar to a milling cutter except that its 
teeth are not arranged along a surface of rotation but spirally. 


This spiral or helix may be a single or a multiple thread. 


Were 


it not for the slots or ‘‘gashes” between the hob teeth and the 


drop of cam or “‘backing off” of the teeth, the cutter 
would form a surface of rotation, while the hob sur- 
face would form a screw or worm surface. Like the 
milling cutter, the hob rotates about the axis a, while 
the gear rotates about its own. Unlike the milling 
cutter, however, the hob has a translational motion 
parallel to the axis of the gear; but the gear has 
no translational motion, and merely rotates about 
its axis a,. The relative motion of the hob and the 
gear would be the same as of a worm driving the 
(finished) gear. 

The rate of rotation of the hob is “geared” to the 
rotation of the gear through sets of lead and in- 
dex gears in the hobbing machine. In contrast to 
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this the milling cutter may be run at quite a variety of speeds 
relative to the speed with which the worm turns. 

In analyzing the shape cut by a hob it is again convenient at 
first to replace the hob by a worm which, to stretch the imagina- 
tion, has a stone thread, each point of which grinds away the gear 
stock wherever it comes in contact with it. 

In applying to the present problem of finding the shape of the 
gear produced by a given hob considerations similar to those of 
Part I, one must keep in mind fundamental differences between 
cutting and hobbing. In the milling cutter the relative geometry 
of the cutter and worm does not change with time, and the corre- 
sponding points on different teeth have a similar cutting action; 
for the hob, however, the geometry changes during the complete 
passage of the hob over each slot, and the cutting action of 
corresponding points on different hob teeth i8 different. The 
number of cutting points whose paths relative to the gear must 
be traced is thus much larger, and the calculations more lengthy 
than for the cutter. 

To obtain the gear surface G as the envelope of a family F of 
surfaces consisting of all the positions of the hob H relative to G, 
one must take up axes fixed in the gear and relative to them con- 
sider not only the hob positions corresponding to a single passage 
of the hob, but also to successive passages. If one assumes 
that the descent of the hob per rotation of the gear is infinitesi- 
mally small, F now consists of a two-parameter family of surfaces. 
For any position Ho of H there is only one point Q of deepest 
cutting, namely the point whose actual velocity relative to G is 
tangential of Hy», as well as the velocity due to the fictitious screw 
motion of H obtained by letting it pass directly through positions 
corresponding to successive passages across the same slot. Dur- 
ing the interval corresponding to a complete hob passage the 
point of deepest cutting Q describes a curve D over the gear tooth 
surface. By passing helices through D the complete shape of the 
tooth may be obtained. 

The converse problem of determining H when G is given, is 
treated in a similar manner by considering the motion of G rela- 
tive to H. 

Set up axes similar to those of Fig. 3, as shown in Figs. 14, 15. 
In the former a, is the gear axis, a, the hob axis at the time ¢ = 0, 
00, the common perpendicular between them. Fig. 15 is the 
projection of Fig. 14 on the plane tangent to both pitch cylinders. 
Between the lead angles \, \’ of the gear and hob, and the angle 
between their axes exists the relation 


The direction OB on Fig. 15 is the common direction of the pitch 
lines of the gear and hob at the time ¢ = 0, at which moment we 
may assume both their surfaces to pass throu,h the common 
pitch point. 

In addition to the hob rotation «,, the hob also is translated in 
the direction of the gear axis with velocity v. The following 
relation 


GEAR AXIS, 


HOB AXIS, 
9 
An 9 
bk 
a \ 
us 
“(Rp th, )wg -B 


Fia@. 14 anp Fie. 15 


GEAR AND Hos 


| 
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R,w, sin \ — sin A’ + vcosrX = 0........ [71] 


is readily shown to obtain. 

The same axes and vectors can be introduced as in section 3, 
except that in Equation [4] \ is replaced by 2, while Q, is held 
fixed at O, and O; is displaced from O; in accordance with 


0:0: [72] 
The rotation angles of the hob and gear are given by 
In the direct method of calculation we start with a point P 


on the axial section of the hob in the plane 6. = 0 at the time t = 0 
displace it to P’ 


P’ = g(z2), 0,’ = 02, =2,+ /2x [75] 


along the hob helix, then, allowing the hob rotation to proceed 
for a time t, move from P’ to P”: 
P":re” = g(z2), 02” = 02 + 22” = 22 + [76] 


while also taking the hob translation into account, proceed to 
P’’’ where 


[77] 


The cutting that takes place at P’’’ is now referred to P(4), the 
gear point at the time ¢ = 0 which is at P’’’ at the time t, .by 
changing the rz, 62, z, co-ordinates of P” first to 22, y2, 22, then (by 
means of properly modified equations 9) to z, y, z, adding vt to z 
to obtain P’’’, shifting to r, 6, z, and subtracting w,¢ from @. 
Introducing superscripts to distinguish the points we put 


If desired, P* may be traced to P* along a helix of the gear to the 
axial section 6 = 0, where 


PO: =r, = 0,29 = 2 — — of)L/2] [79] 


The points P“ and P“ depend on 22, #2,and¢t. is held con- 
stant (assuming an axial hob tooth) then for each z2P outlines a 
curve. The envelope of curves obtained for various z2 corre- 
spouds to the cutting action of the tooth in question, and similar 
envelopes correspond to different 62 (or different teeth); the over- 
all or master envelope gives the final shape. 

To follow the cutting action of actual teeth (not lying in an 
axial hob plane), one allows P’ to describe the actual cutting edge 
instead of a particular axial section. If the effects of individual 
teeth are neglected, it makes no difference which procedure is 
followed. 

To obtain the deepest cutting at once, rather than as an 
envelope of envelopes, one proceeds as described above, by mak- 
ing n, the hob normal, perpendicular to the velocity of the cutting 
point in its motion relative to the gear, and also the the velocity 
that the hob would have if it moved like a cutter. These condi- 
tions, it may be shown, lead to the equations which in vector form 
are expressed as follows: 


where n is the normal to H, V, V’ the vector velocities of the 
point P” on H in its true motion relative to the gear and in its 
fictitious motion; the dot . above indicates a “dot product” 
which in scalar form is the sum of the products of the vector com- 
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ponents along the same set of axes. The normal n to H at the 
point P” is given by 
,  L’g'sine"s L'g’ 
nz, = 9 C0380 Ny, = —gsin 6": — cos . [82] 
na = —gg’ 


where 62” is given by 76 while the velocity vectors, V, V’ are 
given by 


V = (wsk2— wk) X + kv — ju,(R, + 1r,)....[83] 


L 
Vi kX + (Ry + + {84] 


where z denotes a “cross-product”’ familiarly expressed as a 
third-order determinant. To apply the conditions of Equations 
[80], [81] the vectors V, V’ are expressed first in terms of iz, jz, ke. 
If only [80] is applied, then one obtains the shape of a worm wheel. 

The above equations [80], [81] serve to locate P”, hence P’’’, at 
the place and moment of deepest cutting. These equations have 
been applied to prove that an involute helicoid hob hobs a gear of 
true involute shape. 


10 EXAMPLE 


As an illustration of the direct method, a calculation was made 
of the hobbing of an involute helical gear by means of an involute 
hob. The dimensions and angles of hob and gear were as follows: 


Hob Gear 
No. of threads......... n=4 
No. of gashes.......... 12 
Pitch radius.......... r, = 1.76564in. R, = 1.70 in. 
L’ = 2.56121lin. L = 10.49660in. 
Leadangle (both hoband 


gear left-handed)... . 
Pressure angle @....... 
Normal pressure angle 


’ = —13 deg 
59 deg 37.7 min 


\ = —44 deg 30 min 
28 deg 42.5 min 


21 deg 
Then > = \ + A’ = —57 deg 30 min 


21 deg 


The hob used was one whose profile in the transverse section 
was an involute. The translational velocity v of the hob was 
assumed zero. The cutting edges were taken as normal helical 
sections of the involute helicoid surface by using the equations of 
involutes and the relation 35. This gives points P’ with co- 
ordinates r2’, 02’, 22’ as in 75 directly (rather than by starting from 
74 first). The edge of the tooth k = 0 is assumed to pass through 
the pitch point at the time ¢ = 0, at which moment the finished 
gear surface is also supposed to pass there. The points P’ of the 
teeth k = +1, +2, ... lie in‘similar normal helical sections, 
corresponding to points with the same 7’, varying in 6,” by 
amounts 7/6, and in 2,’ big amounts L’/12. For each point P’ 
we can find by a variation of t, points P”, P’’’ and the corre- 
sponding points on the gear P“ and their trace P® on a fixed axial 
plane of the gear. There P“ was compared with an axial section 
of the helical involute gear surface. 


The points P’ used on tooth No. —2 were as follows: 


6: (deg) 22 
1.560” 0.56290 —0.35173” 
1.610 0.42880 —0. 36963 
1.660 0.29272 —0.38780 


For each point P’ on each tooth, the point P” (also = P’’’) is 
Thus for the first point of tooth No.—2: 


found, then P* and P®. 


DUDLEY, PORITSKY—ON CUTTING AND HOBBING GEARS AND WORMS 


02” = 
re 62 (deg) 22 02 + wh rs 25 
1.560 0.56290 —0.35173 —8.0° 1.92923 0.13818 
—6.0° 1.92556 0.13870 
—4.0° 1.92424 0.13941 
—2.0° 1.92525 0.14037 
0.0° 1.92859 0.14164 
+2.0° 1.93424 0.14328 
+4.0° 1.94218 0.14534 


and similar values of r‘, 25 were found corresponding to the other 
points of tooth No. —2 and the same values of 42”. The calcula- 
tionof P™ isomitted above, along with the change from cylindrical 
to rectangular co-ordinates and back again; the column 6,” 
shows the new variable w,¢. For this tooth, the curves r®,z® for 
each value of (re, 2, z2) were plotted and their envelope obtained. 
This appears in Fig. 16 as the small curve marked “hob-tooth 
—2in.” Similar curves and envelopes were obtained for points 
on the other teeth and these also appear on Fig. 16. The en- 
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velope of these envelopes is drawn and this represents the final 
profile in the axial section of the gear. 

In order to show more plainly that the gear shape obtained is an 
involute helicoid, deviation curves were drawn, that is, the 
deviation of the envelope for each tooth was found from a 
straight line passing through the pitch point and having as slope 
the pressure angle of the gear (i.e., 28 deg 42.5 min). These devia- 
tion curves are shown in Fig. 17. A profile was then calculated 
for the axial section of a gear which was an involute in the trans- 
verse section, and the deviation obtained for this axial profile 
from the same straight line through the pitch point of slope 28 deg 
42.5 min. This deviation curve also appears in Fig. 17 and fits 
exactly as the envelope of the deviation curves of the individual 
curves of the individual teeth. Thus we conclude that the hob- 
bing has produced an involute helicoid gear. 
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Failure From Creep as Influenced by 
the State of Stress 


By W. SIEGFRIED,' WINTHERTHUR, SWITZERLAND 


As early as 1912, it was pointed out by Rosenhain and 
Ewen (1)? that the behavior of metals at high temperatures 
could be explained by the combined action of the crystals 
and the so-called grain boundaries. This theory was 
also made use of later to explain problems in connection 
with creep phenomena (2). The author discusses sub- 
sequent studies in the United States and Germany, relat- 
ing to the occurrence of brittle fractures in metals after 
long periods of time. With the aid of the Rosenhain- 
Ewen conceptions, he attempts to reconcile discrepancies 
between recent observations on the occurrence of inter- 
crystalline fractures after long test periods. His evalua- 
tion of the theories cited offers an explanation of various 
phenomena which previously could not be interpreted, 
and also furnishes a basis for determining the risk of 
failure with creep in a three-dimensional system of stress. 
He concludes that the problem of calculating the strength 
of a material subjected to creep is actually solved only 
when the metallurgist and the steel manufacturer are in 
a position to furnish the designer with complete experi- 
mental data enabling him to predict failure for all systems 
of stress occurring in practice. 


GENERAL 


N the course of the last few years, much has been published 

I concerning the occurrence of failure in consequence of 
creep. However, in spite of the great number of suggestions 

and investigations which have been made, it has hitherto not 
been found possible to group all the observed phenomena together 
so as to furnish the designer with unambiguous data for dimen- 
sioning his machines. The problem is indeed much more difficult 
than in the case of ordinary tensile tests at room temperature. 
There, as is well known, the theories of Mohr and Mises-Hencky 
give very useful means of formulating the conditions of failure 
in a three-dimensional system of stress. It is, however, quite 
impossible from the start to think of treating creep in a similar 
manner, since a new variable is introduced here, namely, time. 
While in the case of all ordinary tensile tests fracture either 
occurs or does not occur when the stresses have reached a definite 
amount, in the case of creep the position is quite otherwise. 
Here conditions are such that if the load is reduced, the time 
taken until fracture occurs is increased. In this case, it is 
therefore no longer possible to speak of a definite ultimate 
strength but it will always be necessary to consider the relation 
between the load and the time which elapses until fracture occurs. 
A rational representation of the phenomena of fracture as a 


1 Research Department, Sulzer Brothers, Limited. 
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function of the system of stress is evidently only possible by 
observing closely the phenomena in the structure of the material 
in question. As early as 1912, Rosenhain and Ewen (1) pointed 
out that the strange behavior of metals at high temperatures 
could be explained by the combined action of the crystals and 
the so-called grain boundaries. This theory was also made use 
of in later years to explain the problems arising in connection 
with creep phenomena (2). The relations are shown diagram- 
matically in Fig. 1. At very high temperatures the grain- 


temperature 
Groin boundary strength 


Tensile strength 


Temperature 


Fie. 1 DriaGRaMMAtTiICcC REPRESENTATION OF STRENGTH OF A STEEL 
aT High TEMPERATURES ACCORDING TO THE EQUICOHESIVE THEORY 
or STAGER AND ZSCHOKKE 
boundary material is not as strong as the crystals, while at lower 
temperatures the crystals have less strength. There is conse- 
quently a certain temperature at which the strength of the 
grain-boundary material becomes less than that of the crystals, 
so that above that temperature, intercrystalline fractures can 

be observed. 

Further, it must also be considered that the grain-boundary 
material should be regarded as a kind of very viscous fluid for 
which, as is well known, there is a certain relation between stress 
and the time rate of strain. For this reason, as the load increases, 
the strength of the grain boundary becomes greater in com- 
parison with that of the crystals. If we keep in mind the mecha- 
nism just described, in which the crystals are held together 
by a kind of viscous glue, the remarkable behavior after long 
periods of loading under comparatively small loads, such as 
often occurs in steel, can be at once explained (3). 

In consequence of the extremely slight thickness of the grain 
boundaries, it is clear that only very small displacements are 
sufficient to cause them to come apart, thus lowering the strength 
of the material in question. If we assume that the amount of 
this displacement is approximately the same for all loads, a 
much greater time will be required at low loads until this sepa- 
ration occurs. A typical example of such a steel with weak grain 


TABLE 1 CREEP TESTS ON A 26/16 CHROMIUM-NICKEL STEEL 
Minimum 
Tem- Stress, Total Total creep speed, 
perature, kg per time creep, in. 10-6 
deg F sq cm hr per cent per hr Remarks 
600 2200 53 38 Broken 
1400 600 17 158 Broken 
1100 500 0.55 6.6 see 
940 500 0.29 2.8 ee 
700 1100 48 22 aa Broken 
785 456 10 73 Broken 
470 500 0.4 6.4 siete 
314 500 0.08 0.32 Pe 
800 470 17 ie Broken 
150 2256 5 8.2 Broken 
900 40 2688 1.4 Broken 
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boundaries is shown in Table 1. This is a steel containing 26 
per cent nickel and 16 per cent chromium (steel investigated in 
Bibliography (8)). 

In the meantime, further investigations concerning the oc- 
currence of brittle fractures after long periods of time have been 
made in the United States, as well as in Germany. In the 
United States, test pieces have mostly been examined with 
different loads, and a form of Wohler curve has been drawn for 
various temperatures, where the time for failure was plotted in 
double-logarithmic scale as a function of the tensile stress (4). 


Stress log scale 


Fig.1-2 
44008 


Time for failure, log. scale 


Fig, 2% DIAGRAMMATIC REPRESENTATION OF BEHAVIOR OF A STEEL 
AT High TEMPERATURES AccoRDING TO THE LONG-TIME TESTS OF 
THIELEMANN 


Fig. 2 illustrates the typical behavior of a steel during such 
investigations. It has been found that with a certain amount 
of loading a drop in strength occurs, expressed by a break in 
the Wohler curves which run according to another law at low 
loads. 

Further, in most cases it was observed that at high loads, along 
the slightly inclined straight lines in the double-logarithmic 
representation, elongation fractures with a local reduction of 
area were observed, while the test pieces, which broke along the 
more steeply inclined lines, showed brittle intercrystalline frac- 
tures. This change in strength, depending upon the amount of 
stress, was found in nearly all the steels which were examined. 

In Germany, the investigations were conducted mainly with 
three-dimensional systems of stress. Long-time tests were made 
on tubes stressed by internal pressure (5), and the three-dimen- 
sional system of stress was produced by turning an annular notch 
in the test bar (6). While these tests partly confirm the as- 
sumptions made by the originators of the theory of the equi- 
cohesive temperature, they also furnished results which could 
not be explained by that theory. Duckwitz and Buchholtz (5), 
for instance, in their publication on creep tests of tubes sub- 
jected to internal pressure summarize the results of their investi- 
gations in the following words: 

“The view held in America on equicohesive temperature is 
to a certain extent supported by our results. This temperature 
of equal cohesion at grain and grain boundary has, however, 
no definite limiting value for a given material. Just as the 
process of recrystallization starts and takes place at different 
temperatures depending on the degree of tempering and the 
amount of cold working, the failure of the grain boundaries when 
strained under the application of heat appears to be determined 
by the stress of plastic deformation and particularly by the time 
during which the load is applied. The two-dimensional system 
of stress occurring with internal pressure appears to accelerate 
the failure of the grain boundaries and thereby to promote the 
occurrence of intercrystalline fractures.” 

Similar results are shown by the tests on notched bars, where 
phenomena have also been observed for which no explanation 
can be given at the moment. ' 

After the following circumstances have been’ rationally ex- 
plained, it will be possible for us to extend thé theory of the 
equicohesive point, so that it will be in agreement also with the 
results of recent observation and research: 
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First, an investigation must be made to determine in what 
manner the crystals and the grain boundaries are stressed when 
a material is subjected to a three-dimensional system of stress. 
Investigations on phenoplastics with certain filling materials 
(7) have shown that the phenol resin and the fiberlike filling 
material take part quite differently in the transmission of the 
internal stresses. In a similar manner, the two phases, which 
are mechanically quite different, namely, the grain-boundary 
material and the crystals, take part quite differently in trans- 
mitting the stresses in a metal. Consequently, it will be neces- 
sary (a) to investigate in what manner the separate phases of 
the structure are stressed; and (6) the factors which cause the 
formation of a local contraction must be explained. After that 
an attempt must be made to take into account in some way the 
influence of time. Also in this respect our conceptions must 
be considerably extended and more precisely defined. As a 
consequence of the relationship already mentioned between time 
for failure and load, it is of course no longer possible to speak of 
the strength of the material in the usual manner; it is only 
possible to introduce into the calculation the dependence on time 
of the breaking stress. 


CompuTaTION OF Forces TRANSMITTED BY GRAIN BOUNDARIES 
AND BY CRYSTALS 

If we imagine that a small cube, whose faces are subjected 

to the principal stresses of the three-dimensional system of 

stress, is divided in half by an arbitrary plane, Fig. 3, the force 


6, 


4h 
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DETERMINING Forces TRANSMITTED BY ANY PARTICULAR 
PLANE 


Fie. 3 


Fig. 4 TRANSMISSION OF Forces ALONG A PLANE INTERSECTING A 
POLYCRYSTALLINE MATERIAL 


which must be transmitted by the plane of separation can be 
calculated from the conditions of equilibrium. According to 
deductions from the theory of elasticity, this force is resolved into 
two components, a normal stress and a shearing stress. If 
%1, 2, o3 are the three principal stresses, the normal and the 
shearing stresses acting in the plane of separation inclined at an 
angle a, 8, y are calculated from the following relations: 


Normal stress: o = cos? ao; + cos? B a2 + cos? y a3 
Shearing stress: r? = o;? cos? a + a3? cos? 8 + a3? cos? y 
= (co; cos? a + o2 cos? B + a3 cos? y)? 


Such a section will in general not pass through boundary planes 
of the crystals, but will, as shown in Fig. 4, cut through the 
separate crystals. On examining Fig. 4, it becomes clear that 


. 
. 
. 
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the shearing stresses are in the first place transmitted by the 
crystals, since the separate crystals, like wedges, try to prevent 
any sliding of the respective sectional planes. On the other 
hand, the tensile stresses will endeavor to tear the separate 
erystals out from the mass. This will, however, be held in check 
by the grain boundaries, so that the grain boundaries will pri- 
marily have to transmit tensile stresses. 

Under the assumption that the mass of crystals is homo- 
geneous, i.e., that it has the same elastic and plastic properties 
in every direction, the tensile forces which the separate grain 
boundaries have to transmit, can now be calculated theoretically, 
as will be shown with the help of Fig. 5. A section is imagined 


Fie. 5 DxetTerMIninG TENSILE Force ACTING ON A GRAIN- 
BounDARY PLANE 
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Fie. 6 Two DirrerRent Systems or Stress INTO STRESS 
DEvVIATOR AND Hyprostatic TENSION 


as being placed in such a way that the corresponding grain- 
boundary plane, for which it is desired to determine the stress, 
is contained in the intersecting plane. With the help of the 
formula just given, the tensile stress transmitted by the whole 
section can be calculated. Now, if the material is homogeneous, 
the force transmitted by the grain boundary will be proportional 
to its surface. In this manner it would consequently be 
theoretically possible, after an almost infinite amount of work, 
to calculate the forces which act on all the grain boundaries of 
a metal test piece. 

For evaluating this conception practically, it is assumed that 
each orientation of the boundary surface is equally probable. 
This will in general be the case, except for cold-drawn and cold- 
rolled material. It is then easy to give the mean value of all 
the stresses acting on the separate grain-boundary planes. This 
is in fact nothing else than the hydrostatic component of the 
stress system 
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Consequently, with any arbitrary system of stress, it is now 
possible from this reasoning to determine very easily the stressing 
of the grain boundaries and of the crystals. Reference can here 
be made to a method already adopted successfully in the theory 
of plastic substances; i.e., the resolution of the system of stress 
into a stress deviator (the component producing change of form) 
and into the hydrostatic stress (producing change of volume) 
(8). For any desired condition of stress with the principal 
stresses o2, 03, the hydrostatic part is calculated as 


3 


The stress deviator, which only produces shear, has the principal 
components: = 0; — p, = — = — p. 

In Fig. 6, two examples of this resolution are shown. Fig. 
6(b) concerns linear tension; in which case, the hydrostatic stress 
amounts to o/3, while the stress deviator has the following 
principal stress components: o;' = 2/3 = —o/3, o;' = 
—o/3. Fig. 6(a) shows a system of stress derived from the 
linear tension by superposing a tension of o/2 on each of the 
surface elements at right angles to the axis of pull. Such sys- 
tems of stress, as we shall see later, can occur in notched test 
bars. In that case the hydrostatic stress amounts to 2/3c, 
while the stress deviator has the components o/3, —o/6, —«/6. 
A comparison of these two systems of stress thus shows that, 
in the case of Fig. 6(a), the stress deviator has components only 
one half as great as in the case of Fig. 6(b); while on the other 
hand, the hydrostatic stress in Fig. 6(a) has double the value 
of the hydrostatic stress in Fig. 6(6). 

To what extent the true conditions are falsely represented 
with the mean values of the tensile stresses just described 
may be judged from the example given in Fig. 7. There, an 
octagonal disk is stressed by two different two-dimensional 
systems of stress. For both systems, the true tensile stresses 
have been calculated on all eight boundary surfaces, as well 
as the tensile stresses for the case when only the stress deviator 
acts. 

Finally, it is shown in what manner the surfaces are stressed 
when the mean stresses are applied instead of the true stresses 
From this, it can also be seen that, under the action of a stress 
deviator alone, i.e., of a system of stress in which the mean 
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tensile stress is equal to zero, tensile stresses must be transmitted 
by some particularly unfavorably situated grain boundaries. 
Therefore, when replacing the true stresses by the average value, 
certain grain boundaries which are particularly unfavorably 
situated will become less stressed, while on the other hand some 
boundary planes appear to be stressed, although in reality no 
tensile stresses act on them. 

Meanwhile, Fig. 7 decidedly gives the impression that the 
error introduced in consequence of this simplification cannot 
play any very great part and will not influence the qualitative 
value of the final result. It is perhaps possible that, when exact 
quantitative evaluation is obtained of tests with systems of three- 
dimensional stress, and with variation of the separate stresses, 
no strict proportionality will be found to exist between the 
breaking stress and the calculated magnitudes already men- 
tioned. It is, however, just as certain that any deviations will 
not be such as to conceal recognition of the main principles. 

A further point which might, under certain circumstances, 
influence the simplifications mentioned, is the lack of homo- 
geneity in the structure of the material in consequence of the 
different orientations of the separate crystals. Because of this, 
the planes of slip are formed in different directions from crystal 
to crystal (9). Deformations and bendings therefore occur at 
the grain boundaries in consequence of the lack of uniformity in 
the displacements. At higher temperatures, position-change 
plasticity may occur at these places of great deformations. 
To a certain extent, such a structure will behave as if a very 
thick grain boundary of amorphous material were present. 
Since these phenomena take place in the neighborhood of the 
grain boundaries, they are often called grain-boundary phe- 
nomena. Such a designation must, however, be regarded as de- 
ceptive, since there is a fundamental difference between the 
plastic yield mentioned, in consequence of position-change 
plasticity and the actual failure of the grain boundary. While 
a failure of the grain boundaries must lead to loosening of the 
structure and to rupture with very slight elongation, the material 
is capable of undergoing much deformation without destruction 
in the case of position-change phenomena. Hence it is found 
that amorphous plasticity in the crystals and yield in the grain 
boundaries are two absolutely different phenomena. Therefore 
from the fact that position-change plasticity in the neighborhood 
of the grain-boundary material allows yield with change of shape, 
it is quite possible that the resolution of the stress system intro- 
duced just prior to this does not meet the case. Since the yield 
phenomena have quite different effects in the crystals and in the 
grain boundaries, it can be determined in a short-time test 
whether a change of shape is possible, for instance, as a result 
of the amorphous plasticity (10), while the actual tearing apart of 
the grain boundaries admits of only such small displacements 
that they can be observed only in tests extending over long 
periods of time. 


ForMATION OF LOcAL CONTRACTION 


The formation of local contraction with the normal tensile 
test at room temperature is the subject of a special paper which 
is yet to be published. Since these results. are also of im- 
portance for the present investigation, a brief summary of them 
will be given. It has been found that formation of local con- 
traction must be considered as a kind of instability, similar to 
the buckling of a column subjected to pressure. Branching of the 
equilibrium is possible, because in the new state of deformation, 
some parts are relieved from load while others show greater yield. 

It has further been found that the shape of the stress-strain 
curve is of importance for the occurrence of instability, and that 
a sudden break in the curve from the elastic to the plastic region 
favors the formation of a local contraction. The occurrence of 
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a local reduction of area in the case of creep is based upon quite 
similar laws, but it is fundamentally different from the stability 
phenomena of the ordinary tensile test. This fundamental 
difference can best be shown from two test bars under com- 
pressive loading, one made of elastic material and the other of 
a material liable to creep. If a prismatic bar of elastic material 


Fig. 8 Buck.ine or A Simpte Pressures MemMBeR UNDER CREEP 


is subjected to pressure, Fig. 8, buckling occurs when the load 
has reached the value (11) 


rlE 
Io? 


where 
I = moment of inertia 
E = modulus of elasticity 


For the bar made of a substance liable to creep, it shall be assumed 
that there is some linear connection between stress and time rate 
of creep, i.e., that 


de 
dt 
where 
o = stress 
e = elongation 


Making use of this relation, the equation for the elastic line of the 
bent bar is then 


or 
M 
& IC 
where 
M = bending moment and p = radius of curvature 


In this case, the buckling of the bar will be represented by the 
following differential equation 


[ay 
+ Py =0 


with the solution 


xt 
P 
y 
P= 
a (*) M 
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y = Al“[a cos (wz) + b sin (wx)] 


where 
Clk 


Boundary conditions z = 0, y = 0 


x=l1,y=0 


The second boundary condition gives wl = z, and the load at 
which buckling is possible is obtained from the expression 


rClk 


P, = 


Comparison of the two buckling formulas for an elastic material 
and for a material with creep shows the fundamental difference. 
While, in the case of elastic material, buckling is only possible 
at a definite, load, in the case of the viscous material it may occur 
at practically any load, since the constant k may assume any 
value which is necessary for satisfying the equation of buckling. 
When increasing the load P, the constant is also increased, 
i.e., the rate at which buckling occurs is increased. When the 
load is diminished, it is only the rate of buckling which diminishes, 
but there is no critical value below which buckling could not 
possibly take place. 

The same difference exists also between the formation of local 
reduction of area in elastic-plastic material and in material with 
creep. In the former, the formation of local reduction of area 
begins at quite a definite load, namely, the ultimate load, while, 
in the second case, creep with formation of local reduction of area 
takes place in principle at very small loads. In this latter case, 
however, the rate at which the phenomenon takes place is very 
small and increases exponentially with increase in load. This 
reasoning holds good, however, only for an absolutely homo- 
geneous material. It has been shown by Kuntze that the 
formation of local reduction of area, as a consequence, involves 
sliding of the material over the entire cross section of the test 
piece, so that in a nonhomogeneous material considerable time 
may be required (12). Every nonhomogeneous condition, 
which hinders the formation of microscopic slip planes over the 
entire cross section, will to a very great extent prevent the 
formation of local reduction of area. 

As has just been shown, because of the irregular orientation 
of the separate crystals in the neighborhood of the grain bounda- 
ries, position-change phenomena occur, in consequence of which 
the material in question has in some respects exactly the same 
properties as if some crystals were embedded in a plastic mass 
of very great extent, Fig. 9. It is now clear that such a structure 
will hinder the occurrence of local reduction in area as long as 
the mass of crystals has to be regarded as rigid, so that with 
creep the formation of a local reduction of area has only been 
reckoned with when the temperature or the loading is such that 
the mass of crystals can be deformed as a whole. 

The curve showing the connection between stress and rate of 
creep has in all materials very nearly the same appearance as 
the curve drawn in Fig. 10. At a certain load, this curve shows 
a break which is formed more or less sharply. As has been 
shown by the investigations of Hanffstengel and Hanemann, 
this break coincides with the beginning of recrystallization of the 
metal in question. It has also been shown in these investigations 
that, with stresses below this break, a yielding by position-change 
phenomena along the grain boundaries occurred without any local 
reduction in area. But on the other hand, with stresses above 
this break, the occurrence of local reduction of area and also yield 
in consequence of translation phenomena in the mass of crystals 
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were observed. Furthermore the investigations of Greenwood 
and Worner show that, with stresses below this break, inter- 
crystalline fractures follow without any local reduction of area, but 
above this break fractures occur with local reduction of area. 
In this connection also is found the physical explanation of the 
observation of Juretzek and Sauerwald (14) that the creep 
strength determined in short-time tests agrees essentially with 
the stress as the break in the stress - creep rate curve. 


Region with amorphous plasticity 


Fie. 9 MercHanicaL ACTION OF PosITION-CHANGE PHENOMENA 
IN NEIGHBORHOOD OF GRAIN BOUNDARIES 
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Fie. 10 TypicaL Form or Curve or RELATION BETWEEN STRESS 
AND RATE OF CREEP FOR A CRYSTALLINE MATERIAL 


In contrast to the tensile test, the resulting loading in the creep 
test remains constant. But on the other hand, when a local 
reduction of area is formed, the cross section at the narrowest 
point diminishes very quickly, so that a continuous increase of 
stress occurs which soon leads to rupture. 


BEHAVIOR OF MATERIAL IN WuicH GRAIN BOUNDARIES ARB 
Mucu SrroncerR THAN CRYSTALS 


If therefore we imagine a material in which the grain bounda- 
ries are so strong that they must not be taken into consideration 
in comparison with the sliding properties of the crystals, the 
material will only fail with local reduction of area. In the case 
of loading below the break in the stress - creep rate curve, the rate 
of elongation is in general so slight that no failure of the material 
is to be feared. On the other hand, as soon as formation of local 
reduction of area is possible, there is a risk of the material failing 
in consequence of the progressive reduction of the cross section 
and the increase in stress thereby caused. 

If we now imagine a kind of Wohler curve drawn for such a 
material, a curve in which the abscissas represent the time for 
failure and the ordinates represent the corresponding stresses, 
this curve must in principle run in the manner shown in Fig. 11. 
For a certain definite load, the curve will be approximately 
horizontal, but when the load is increased, it will approach the 
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ordinate axis quickly and intersect it. In the latter case, we can 
speak of creep strength, since a definite load exists for which no 
rupture of the test piece is to be expected even after a very long 
time of loading. From the investigations of Bailey (15), con- 
cerning creep in metals, we can also form an idea of the condi- 
tions that exist when a material is subjected to a three-dimen- 
sional system of stress. It appears in fact that, in analogy to 
the ordinary tensile test (16), the occurrence of local reduction 
of area is determined only by the deviator (i.e., the component of 
the stress system which causes change of shape only). 

We shall try to explain these cireumstances more clearly with 
the help of a sim~le example which is of great importance for the 
discussion of creep tests on notched test bars. For this purpose, 
we imagine such a material with very strong grain boundaries 
stressed by the two systems shown in Fig. 6(a) and (b). As 
already indicated, a simple tension of the amount o gives the 
following components for the stress deviators: 0,’ = 2/3 ¢, 
o: = —o/3, o;’ = —a/3, while the hydrostatic stress is p = 
—a/3. The second condition of stress (simple tension, with a 
transverse stress at right angles thereto of the magnitude o/2) 
has the following components for the deviator: o,’ = a/3, 
a. = —a/6, o;' = —o/6, while the hydrostatic stress is P = 
2/3 

If the two stress deviators are compared with each other, it 
will be seen that, in case 1, the components are twice as great 
as in case 2. If a kind of Wohler curve is now imagined as 
plotted for the two states of stressing, a curve, in which the time 
for failure is plotted as a function of the tensile stress ¢, it is 
possible, knowing the Wohler curve for the single axial pull, 
to construct the curve for the second state of stressing. The 
comparison of the two stress deviators shows that the tensile 
stress in case 2 must be twice as great, in order that the same 
stresses may act as in case 1 to cause deformation. From this 
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it follows that, for the condition of stress in case 2, the corre- 
sponding Wohler curve, which gives the connection between the 
time for failure and the tensile stress o is obtained by doubling 
the ordinates of the Wohler curve for simple tension, Fig. 12. 


BEHAVIOR OF A MATERIAL IN WHICH STRENGTH OF CrysTALS Is 
Mucu GREATER THAN THAT OF GRAIN BOUNDARIES 


In the foregoing, the elongations of the grain-boundary ma- 
terial have been entirely neglected; it has been assumed that 
the grain-boundary material is infinitely strong in comparison 
with the mass of crystals. Here, the other limiting case will be 
considered, namely, such a material in which it is assumed that 
the grain-boundary material is very weak and that the grain 
boundaries slide apart before any kind of displacements of trans- 


Stress 


Time for failure 


Fig. 13 LER CrEeEp-STRENGTH CURVE FOR A MATERIAL WITH 


Very Weak Grain BounDARIES 


lation occur in the crystals. This case will occur approximately 
when a low load with a very great component of hydrostatic 
tension is applied to a material with comparatively weak grain 
boundaries. On the other hand, the case just dealt with will 
be approximately reached when a substance with strong grain- 
boundary material is subjected to a stress with small hydrostatic 
tension but with a very great stress deviator. 

As already shown, the grain boundaries are stressed mainly 
to induce separation whereby the tensile stresses will differ 
according to the orientation of the boundary faces of the crystals 
with respect to the direction of load. Based on investigations 
made by Rosenhain, Tamman, and others, it must be assumed 
that the grain boundaries are built up of a kind of viscous fluid 
which possesses a very high constant of viscosity, so that the rate 
of dilatation is proportional to the hydrostatic pull. Further, 
it may be assumed that the grain boundaries are always loosened 
by the same amount of increase in volume in order that fracture 
of the material will occur. With a viscous liquid, the following 
linear relation exists between stress and rate of dilatation 


c= 


where 

v = rate of dilatation 
When loaded with a constant force, the elongation after the time 
t is as follows 


s= 
n 


If fracture occurs at a definite value of s = s, the following 
relation is obtained between stress and time 
oot = 809 = const 


If a Wohler curve is drawn for the intererystalline separating 
fracture, a rectangular hyperbola is obtained, making the same 
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assumptions as formerly, Fig. 13. The influence of a three- 
dimensional system of stress can now be determined in a manner 
similar to that used for material with strong grain boundaries, 
in that systems of stress with the same components of hydro- 
static tension must here be regarded as equivalent to each other. 

If the two systems of stress, in Fig. 6, are compared with each 
other, it will be seen that in the case of linear tension the hydro- 
static component of stress is only one half as great as in the second 
case, where a transverse stress of the magnitude o2 is superposed 
on the simple tension. Consequently, when the Wohbler curve 
for the occurrence of intercrystalline fracture has been drawn for 
the case of simple tension, the curve for the state of stress with 
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Fie. 14 INFLUENCE oF A THREE-DIMENSIONAL SySTEM OF STRESS 
ON THE WOHLER CREEP-STRENGTH CURVE FOR A MaTERIAL WITH 
Weak Grain BounDARIES 


a superposed transverse stress of the magnitude 0/2 can be drawn 
at once. In the second case, there is the same component of 
hydrostatic tension with one half the magnitude of the stress 
c, which indeed, as has been shown, first stresses the grain bounda- 
ries; consequently, curve 2, which defines the connection 
between the magnitude of the stress ¢ and the time for failure, 
is obtained from curve 1 by halving all the ordinates, Fig. 14. 


Creer PHENOMENA IN A METAL WHERE GRAIN BOUNDARIES 
as WELL as CrYSTALS 


In reality, ideal cases such as the two just described will 
rarely occur. In most of the important cases occurring in prac- 
tice, the crystals are deformed by sliding as a consequence of the 
action of the stress deviator, and simultaneously the grain 
boundaries also slide apart slowly because of the action of the 
hydrostatic tension. The behavior of such a material can be 
determined in a first approximation by superimposing the two 
separate processes. Imagine that the two processes, namely, 
the formation of local reduction of area in consequence of transla- 
tory motion in the mass of crystals, and the slow sliding apart 
of the grain boundaries, take place independently of each other. 
Then as determined by the load or the stress system, depending 
upon whether the one or the other process leads more quickly 
to rupture, the material will fail by intercrystalline fracture, or 
by becoming unstable through formation of local reduction of 
area. Consequently, the same considerations are followed here 
as were adopted by the originators of the equicohesive theory, 
only with the difference that, as shown in Fig. 15, the Wéhler 
curve is introduced here instead of the simple tensile strength. 

The investigations just discussed have shown that the two 
Wohler curves in principle have different shapes. The Wohler 
curve for fracture with reduction of area, when the time for failure 
is infinitely long, runs parallel to the axis of the abscissas, while 
in the case of very great stresses, it approaches the ordinate 
axis quickly and intersects it. In contrast thereto, the Wébler 
curve for the occurrence of intercrystalline fracture is to be 
described in the first approximation as a rectangular hyperbola. 
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Consequently, it approaches both the abscissa axis and the 
ordinate axis in the same manner. The principal difference 
between the two kinds of fracture is, therefore, that in the case 
of fracture with local reduction of area, it is possible to speak of 
a creep strength, since there is a definite boundary load below 
which the time for failure will be infinite. This, however, is not 
the case with intercrystalline ruptures. However small the load 
may be, rupture will always occur, although of course the time 
for failure will increase as the load decreases. It can be seen 
therefore that the two curves must always intersect. The point 
of intersection, however, may be located at different times for 
failure, according to whether the grain boundaries are strong or 
weak, 

From Fig. 15, the behavior of a piece of steel at high tempera- 
ture can now easily be explained, where long-time tests have 
been carried out with gradual increases in load. With greater 
loads, lying above the point of intersection of the two curves, 
the test piece fails with transcrystalline fracture and local reduc- 
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tion of area. With loads below the point of intersection of the 
curves, the fractures are intererystalline. This is what was 
actually observed by Thielemann in his investigations, which 
were conducted in America (see Fig. 16). In the same way, it 
can now be explained why the curve between stress and time for 
failure shows a discontinuity when passing over from the region 
of fractures with local reduction of area to the region of inter- 
crystalline fractures. 


INFLUENCE OF TEMPERATURE 


Figs. 17 and 18 show the results of long-time tests which were 
made on different kinds of steel at various temperatures. It can 
be observed in both curves that the break already described, 
where fracture with local reduction of area passes over to inter- 
crystalline fracture, is displaced to shorter times for failure 
as the temperature rises. This behavior may now be explained as 
follows (Fig. 19): 
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According to the reasoning and investigations by Rosenhain, 
Tamman, and others, it must be assumed that the grain-boundary 
material becomes soft more rapidly than the mass of crystals 
when the temperature of the test piece is raised. Imagine the 
two ideal Wohler curves drawn again, the one for grain-boundary 
fracture and the other for fracture with local reduction of area; 
the ordinates of the curve for intercrystalline fracture will, as 
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the temperature rises, decrease very much faster than the 
ordinates of the curve for fracture with local reduction of area. 
If, for instance, as in Fig. 19, the curves have the characteristic 
shape marked 1 when at low temperature, they will assume 
the shape marked 2 when the temperature rises, i.e., the point of 
intersection of the two curves will be displaced toward shorter 
times for failure. 


INFLUENCE OF SysTEM OF STRESS AT CONSTANT TEMPERATURE 


The influence of the system of stress on the two limiting cases 
has already been discussed. It is therefore an easy matter to 
describe by superposition the influence of the system of stress 
on an actual material. This will be explained more fully by 
means of the example already mentioned. 

If the linear tension is compared with the system of stress 
where a transverse stress of the magnitude o/2 is also superposed, 
behavior with the three-dimensional system of stress can be 
explained from the curve for linear tension. If the two Wohler 
curves for intercrystalline fracture and for fracture with reduction 
of area have the shape designated 1 in the description for simple 
tension, Fig. 20, it has been shown that, when passing to the sec- 
ond system of stress, the ordinates in the curve for the occur- 
rence of intercrystalline fracture must be halved, while in the 
case of the curve for fracture with local formation of reduction 
of area, the ordinates must be doubled. The curves for the sys- 
tem of stress with superposed transverse stress have, therefore, 
the shape of the curve marked 2. From this it can be seen that, 
by superimposing a transverse stress, the point of intersection 
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of the two curves can be displaced to a much shorter time for 
failure, so that intercrystalline fractures must therefore occur 
with much higher loads and after much shorter times for failure. 
This behavior has been confirmed by investigations made on 
notched tensile-test pieces, carried out by Richard (18). 
Concerning the exact system of stressing in the notched tensile 
test pieces, unfortunately it is not possible to obtain any satis- 
factory data. One must be satisfied with a more or less close 
estimate of the magnitude of the stresses. In the case of an 
elastic material, the stress distribution in a notch can be ¢al- 
culated; it runs as shown in Fig. 21 (19). From this it can be 
seen that the notch influences the state of stress in two different 
ways. First it causes a considerable increase of stress at the 
bottom of the notch. In addition, however, a transverse stress 
is superimposed on the longitudinal stress in the middle of the 
test piece, as can be observed in Fig, 21. For the limiting case 
of an infinitely deep notch, Fig. 21, the transverse stress is equal 
to the longitudinal stress. This, however, will not be the case 
in reality, but in technical notches, it will be possible to observe, 
in the worst case, a transverse stress which is equal to one half 
the longitudinal stress. By the yield which occurs in the case 
of creep stress, the peaks of the stresses diminish at the bottom 
of the notch, so that only the three-dimensional distribution of 
stress remains in the middle of the test piece. In a tensile test 
with a notched test piece, we thus have approximately the state 
of stress marked 2 in Fig. 20, i.e., longitudinal stress with super- 
imposed transverse stress of the magnitude ¢/2. For this reason 
it is to be expected that in a notched bar intercrystalline fracture 
will occur very much sooner than in a bar without notches. 
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Fig. .22 shows the results of tests on notched bars. A com- 
parison with Fig. 20 explains clearly the behavior during these 
tests. 


PHENOMENA OF BRITTLENESS 


In consequence of segregation phenomena, which can be 
observed particularly in chromium-nickel steels, the possibilities 
of slip of the crystals are much less at certain definite tempera- 
tures. Likewise it must be assumed that these segregation 
phenomena act detrimentally on the grain boundaries. That 
the slip conditions in the crystals are rendered considerably 
more difficult by these occurrences, is shown by the higher yield 
point and the considerably increased tensile strength at these 
critical temperatures (20). 

The influence of such brittleness phenomena on the behavior 
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with creep stress can now be shown again with the help of Wéhler 
curves, Fig. 23. If we assume provisionally that the grain 
boundaries are not weakened by these segregations, the ordinates 
in the Wohler curve for fracture with reduction of area will be 
increased by the brittleness, while the curve for the intercrystal- 
line fracture has the same shape before and after the material 
becomes brittle. As can be seen in Fig. 23, the point of inter- 
section of these two curves will thereby be displaced to shorter 
times, and intercrystalline fracture will therefore be observed 
at great loads and with shorter times for failure. Such brittle- 
ness phenomena have been investigated in low-alloy steels by 
Thum and Richard at a temperature of 932 F, many of these 
tests being made on notched bars. These two authors divide 
into three classes the materials most commonly used at this 
temperature, Fig. 24. 

The first class contains the steels which become brittle quickly, 
Fig. 24(a). In them the notched-bar tests show a much smaller 
load-carrying capacity at relatively short periods, than in the 
case of the unnotched test pieces. With the types of steel which 
become brittle slowly, Fig. 24(6), the notched bars at first show 
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a higher load-carrying capacity than the unnotched bars. In 
the course of time, however, the load-carrying capacity of the 
notched bars diminishes more rapidly than in the unnotched bars 
so that, with testing periods of approximately 10,000 hr, the 
notched and the unnotched bars show the same load-carrying 
capacity. The types of steel which do not become brittle, 
Fig. 24(c), are those in which the notched bar always shows a 
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higher carrying capacity than the unnotched bar during the 
entire time of testing (about 10,000 hr). 

Keeping in mind that, because of the brittleness, the point of 
intersection of the Wéhler curves for the occurrence of inter- 
crystalline fracture is displaced to much shorter times with re- 
spect to those for the occurrence of fracture with local reduction 
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of area, the curves of strength described in Fig. 24 can be ex- 
plained. With a steel which rapidly becomes brittle, the point 
of intersection with simple tension will be at shorter time intervals 
than the testing periods used by Thum and Richard (10,000 hr). 

When passing to the notched test piece, the system of stress 
will be altered in such a way that the ordinates of the curve for 
intercrystalline fracture are reduced, while those for the curve 
of fracture with local reduction of area are increased. The point 
of intersection of the two curves will therefore be displaced 
quite far to the left, and the notched test piece will give a resulting 
curve as shown in Fig. 25, Curve 2, if the curve for the unnotched 
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bar runs as shown in Fig. 25, Curve 1. In the latter ease, the 
load-carrying capacity of the notehed bars falls after short 
periods of testing below the load-carrying capacity of the un- 
notched bars. In the case of a steel which becomes brittle 
slowly, the point at which intercrystalline fracture occurs is dis- 
placed farther to the right. In the case of the notched bar, this 
point oecurs at approximately three fourths of the total time of 
testing. In this case the strength of the notched bars falls slowly, 
so that after approximately 10,000 hr the load-carrying capacity 
becomes the same as in the unnotched bars, Fig. 26. 

The steels designated by Thum and Richard as practically 
not becoming brittle are those in which the endurance strength of 
the notched bar remains continually greater than that of the 
unnotched ones in the course of 10,000 hr. In Fig. 27, it can be 
seen that the grain boundaries must be so strong that, with 
notched bars as well, the point for the inception of intercrystalline 
fracture lies beyond a testing period of 10,000 hr. 


CONCLUSIONS 


The investigations have shown that, with the help of the con- 
ceptions developed by Rosenhain and Ewen, all observations 
recently made regarding the occurrence of brittle intercrystalline 
fractures after long test periods can be explained. The in- 
adequacy of the equicohesive theory is to be attributed prin- 
cipally to the fact that up to now all conceptions, such as those 
advanced by Rosenhain and Ewen as early as 1912, have been 
retained unchanged. It must be realized, however, that this 


theory was developed at that time in order to explain in a quali- 
tative manner the occurrence of brittle intercrystalline fracture 
of tin alloys in the neighborhood of the melting point. 
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determining the strength properties of materials subjected to 
creep, however, these conceptions are somewhat too approximate 
and must be made much more precise. Particularly, some clear 
explanation must be found as to what is really meant by the 
vague term “strength,” under what system of stress and at what 
speed this magnitude has to be determined. 

The lack of comprehension hitherto prevailing and the con- 
tradiction of ideas thus arising, as to whether creep phenomena 
at high temperatures are to be attributed principally to the actual 
grain boundaries slipping apart, or to conditions in the mass 
of crystals, are explained, making a distinction between the 
position-change phenomena and the actual sliding apart of the 
grain boundaries. Only the occurrence of brittle intercrystalline 
fractures after long periods of time can be connected with proc- 
esses which occur in the actual grain boundaries. All other 
phenomena, which can be determined in tests lasting a com- 
paratively short time, such as dependence of the rate of creep 
on load and temperature, influence of the structure of the ma- 
terial, must be explained by phenomena which occur in the 
crystals either by actual movements of translation, or by place- 
change plasticity. Thus, for instance, the influence of the size 
of grain on the creep properties at different temperatures is 
explained perfectly by the amorphous plasticity becoming less 
as the size of grain increases (9). 

Long-time tests, carried out at various places during recent 
years, have also shown that it is necessary to revise certain con- 
clusions which have been drawn from the manner in which alloy 
elements act on the strength of the grain boundaries, these con- 
clusions having been drawn from short-time tests. Such tests 
have shown particularly that the influence of the alloy elements 
on the strength of the grain boundaries is much more complicated 
than had originally been assumed. While it was formerly be- 
lieved that these phenomena could be explained essentially by 
the formation of carbides in the grain boundaries, Thielemann 
(4), based on his long-time tests on various alloy steels at 
temperatures from 600 to 650 C, comes to the conclusion that to 
obtain good grain-boundary strength it is particularly necessary 
to have the y field suppressed as much as possible in the equi- 
librium diagram. 

The results of these tests, however, do not agree in all respects 
with the results obtained by Thum and Richard from their 
tests on notched bars. However, Thum and Richard carried out 
their tests at a temperature of 500 C on steels which contained 
considerably less alloy than those previously mentioned. Both 
authors came to the conclusion that nickel exercised an adverse 
influence on the strength of the grain boundaries. Similarly, 
Thum and Richard found in agreement with Thielemann that, 
with a stainless chromium-molybdenum steel in which the y 
field had been totally suppressed, no fracture without local 
reduction of area could be observed; while on the other hand, 
according to the considerations of Thielemann, the carbon content 
should also be low in order to keep the y field as low as possible. 
Thum and Richard, working with steels slightly alloyed with 
chromium molybdenum and chromium molybdenum vanadium, 
observed a considerable improvement in the grain-boundary 
strength when the carbon content was increased from 0.11 to 
0.3 per cent. These results may show how complicated the 
phenomena in reality are. 

However, the logical evaluation of the conceptions, developed 
by Rosenhain and Ewen, not only allows various phenomena 
to be explained which hitherto could not be interpreted, but it 
also furnishes a basis for determining the risk of failure with creep 
in a three-dimensional system of stress. Although this problem 
is of fundamental importance for the design of machinery, 
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hitherto it has not been possible to evolve any kind of guide for 
estimating even approximately the risk of occurrence of inter- 
crystalline fracture after a long time, when stressing occurs in 
a three-dimensional system at high operating temperatures. In 
general, it may be stated that the problem of calculating the 
strength of a material subjected to creep is really solved only 
when the metallurgist and the steel manufacturer are in a 
position to furnish the designer with complete experimental 
data enabling him to predict failure for all systems of stress 
occurring in practice. 
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Static and Dynamic Spring Constants 


By G. HORVAY' ano J. ORMONDROYD,? WASHINGTON, D. C. 


The purpose of this paper is twofold: (1) To propose a new 
approximate method of replacing the distributed con- 
stants (inertia, stiffness, damping) of vibrating systems 
by appropriate lumped constants; (2) to propose the use of 
a modified Holzer “cut-and-try” process and, in conjunc- 
tion with it, a graphical representation of the force-dis- 
placement relations. The use of the proposed rules and 
methods are demonstrated by three simple examples. 
The derivation of the formulas requires rather extensive 
mathematical treatment and is given in a subsequent 
paper.’ 


INTRODUCTION 


which have distributed stiffness and inertia by a system of dis- 

crete masses connected by weightless springs. Such a repre- 
sentation has manifold advantages. It permits a simpler de- 
scription of the motion of the system, and it leads to less cumber- 
some computations. These simplifications result, mathemati- 
cally speaking, from the replacement of the partial-differential 
equations which govern the motion of the system by ordinary 
differential equations. 

One such representation is well known;‘ a built-in shaft of mass 
m and spring constant k that carries an end mass u can be replaced 
in calculations for longitudinal vibrations by a weightless shaft of 
spring constant 


: is often desirable to represent a system of vibrating shafts 


This approximation gives reliable results for all values of the 
parameters k, m, u, and for all frequencies w which do not exceed 
the resonant frequency p = (K/M)’:. The usefulness of the 
method is enhanced by the fact that the frequency range w S p 
is the one that is usually of greatest concern in applications. (We 
use the symbol w to denote any frequency, the symbol p to denote 
a natural frequency. The word “frequency” will always mean 
“circular frequency.”” We consider only harmonic vibrations.) 
The foregoing example is due to Rayleigh. Rayleigh’s rule of 
an unchanged spring stiffness and the addition of one third of the 
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distributed beam mass to the concentrated mass at the end holds 
for the longitudinal or torsional cantilever beam only. For other 
systems, especially multimass systems, such as occur in the usual 
torsional vibrations of engines, Rayleigh’s rule is not directly 
applicable. 

The question arises whether there exists a lumped representa- 
tion, as good as Rayleigh’s, which is applicable to an arbitrary 
shaft system. The answer is in the affirmative, and the rule found 
for the reduction of a given system to a lumped system of con- 
stants M,, K; is as follows: Concentrate one half of a shaft-sec- 
tion’s (total) mass m in one end, one half in the other end of the 
shaft. Do this for all the shafts of the system, i.e., use at the 
juncture of two shafts the effective concentrated mass 


1 
M =» +5 (m + m,) [2a] 


where u is the given concentrated mass at the juncture, m, the 
mass of the shaft at its left, m, the mass of the shaft at its right. 
Furthermore replace the ‘static spring constant” k of each shaft 
section by the ‘dynamic spring constant” 


K=k+ = + (e? = w*m/k).. [2b] 


where w is the frequency of vibration. Then the resulting system 
is an “appropriately lumped system”’ in the sense that it can be 
used in place of the actual system for the calculation of natural 
frequencies, normal amplitude ratios, and forced or damped vi- 
brations. (Damped vibrations require certain modifications 
which will be given in Example 3.) 

There are several questions which arise in connection with 
our method. 

1 How does one apply the method in practice? And, in par- 
ticular, what shall be the value of w in formula [2h]? 

In case the problem on hand calls for the determination of a 
natural frequency p, we have to use for w the value p that we are 
looking for. This is done as follows: The “frequency problem” 
of the lumped system is formulated as a “frequency equation,” 
an equation for p? in which the coefficients are expressions in the 
M; and K;, of the system. If we make the substitutions K; = 


1 : 
k, + 6 m,p? in this equation, and rearrange according to powers 


of p?, then we obtain another equation for p? (which is of the same 
degree). Sometimes this equation can be solved directly. We 
shall deal with such cases in Example 2. In most cases no direct 
solution is possible. Then it is simpler to leave the equation in 
its original form and solve for p by means of successive approxi- 
mations w (Holzer’s method). For each assumed w, a new set 


1 
of K; = k; +5 m,w* values has to be calculated. The remainder 


of the Holzer table is then completed in the usual manner (Ex- 
ample 1). 

In a problem on forced vibrations the frequency of the applied 
force is used for w (see, however, Equation [11], Example 1). 


2 What is the physical significance of the term : mw? in the 


expression for dynamic stiffness? The term is, except for a nu- 
merical factor, mass per unit length times mean acceleration. It 
represents the inertia effect of the shaft. As the frequency w of 
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that carries a mass at its end of 
M + : [1b] 
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the harmonic motion is increased, the retarding effect of the 
inertia of the shaft becomes more pronounced, and the ampli- 
tude that can be reached before the direction of the motion re- 
verses becomes correspondingly smaller. In other words, 
the apparent stiffness of the shaft has increased. This increase 
may be quite sizable. For instance, the dynamic stiffness of 
shaft (1b) in Fig. 1 exceeds the static value by 16 per cent in the 
fundamental mode, by 75 per cent in the second mode. 

An increased stiffness is equivalent to an increased elastic con- 
stant E. This in turn indicates a greater stress for a given strain. 
Thus at high frequencies the shaft may sustain apparent stresses 
which are well in excess of those prevailing at lower frequencies. 

3 How is the method related to the method of Rayleigh? 
For a built-in shaft, terminated by an end mass u, the Equations 
(2a,b] reduce to 


K =k +— met, 


These constants evidently differ from Rayleigh’s constants given 
in Equations [1]. Nevertheless, there is no difference between the 
new approximation and Rayleigh’s approximation. In the new 
method the square of the resonant frequency is given by 


p= = (k +2 mpt)/(u+ im) 


Solving for p? we obtain 
k 


which is Rayleigh’s formula. 

4 How does one arrive at Equations [2a,b|? The derivation 
is based on the “calculus of variations” and will be given in 
Part 2,3 section 1. The important thing to note is that the 
method leads to approximate natural frequencies which are al- 
ways higher than the exact frequencies.’ This observation often 
facilitates the estimate of actual results. 

5 For what values of the parameters is the method valid? 
What frequency range is permissible? How accurate is the ap- 
proximation? These questions will form the subject matter of 
Part 2,? sections 2 and 3. Here we merely state the rule: If 
the ¢; = w(m,/k,)'/* of the shafts of the system are substantially 
less than x, then the approximate natural frequencies are close to 
the exact frequencies; if the e; are substantially less than ~/6, 
then also the normal amplitude ratios are good approximations. 
In percentage this means that K, — k; < 100 per cent of k; will 
insure good frequency results; K; — k; < 50 per cent of k;, will in- 
sure good amplitude ratio results. These are rough estimates 
which can be refined. 

In the remainder of this paper we shall illustrate the use of our 
method by examples. Example 1 refers to a shaft system that 


5 “‘Applied Mathematics (Vibration Theory),’’ by R. Courant, 
mimeographed lecture notes, Graduate School, New York University, 
1941, chapter 3. 


has a built-in end and a free end. Example 2 treats systems 
which have both ends built-in. Example 3 extends the method to 
damped vibrations. 


EXAMPLE 1 VIBRATIONS OF A SHAFT SYSTEM, BUILT- 


IN AT ONE END 


Consider the system of masses al, )2, and heavy soft shafts 
Oa, 1h, illustrated in Fig. 1. The constants of the system are 
given above the figure, the appropriate lumped constants, formed 
in accordance with Equations [2], are shown below. Multipli- 
cation of the masses and frequencies by 10*, of the spring con- 
stants and forces by 108, will bring these into a range that is often 
encountered in practice. (Damping constants would require a 
factor of 104 on the same basis; cf. Example 3.) We are inter- 
ested (a) in the natural frequencies and normal amplitude ratios, 
(b) in the response to forced vibrations, and (c) in the antiresonant 
frequency of the system. 


NATURAL FREQUENCIES AND NorMAL AMPLITUDE Ratros 
The frequency equation of the (lumped) system of Fig. 1 


can be found in any elementary textbook on vibrations. It has 
two solutions, w? = p,?, w? = p,%. (The reader will notice that 


1 
the replacement of the customary k, and k, by K, = kg + 6 w? 
1 
and A, = k, + Fs m,w* does not alter the degree of the equation, 


but merely leads to correction terms in w? and w‘.) Equally well 
known is the solution of the frequency problem by Holzer’s 
method. 

A modification, the “staggered Holzer scheme,” which breaks 
up the lines of the conventional Holzer table into two lines each, 
permits a quicker appraisal of the displacement-force conditions 
along the system. We shall make extended use of it. It can be 
established as follows: 

A harmonic axial force, Fe’, applied at the free end of the 
system, gives rise to displacements 


and axial forces 


inthesystem. The longitudinal co-ordinate of the system meas- 
ured from the built-in end is denoted by . At the points 0, a, 1, b, 
2, we use for X(t) and F(£) the simpler notations X» = 0, X,, Xi, 
Xp, and Fo, Fy, Fi, Fy, Fs. 

For lack of better terminology we call X() and F(£) the “‘com- 
plex amplitudes” of displacement and force; their absolute 
values |X(t)| and |F()| the “magnitudes” of the amplitudes 
at the point é. In general 
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where e*), e&¥®) are phase-shift factors. In undamped vibra- 
tions the amplitudes are real, yg, Y = 0 or x, and the phase-shift 
factors assume the values +1 or —1 according to whether the 
response is in phase with or is opposite to the applied force. In 
damped systems arbitrary phase shifts are possible. The real 
part of x(&, 7) 


= |X(8)| cos [wr + 
is the displacement at ~ at the instant 7; the real part of f(€, 7) 


= |F(8)| cos [wr + 


is the instantaneous value of the force. 

The displacement-force, XF, diagram is real for undamped vi- 
brations. The point P; = (X;, F;) of the diagram has the dis- 
placement amplitude X; of the point i of the system as abscissa, 
the force amplitude F; as ordinate. Fig. 2(a) is the diagram for 
the lumped system of Fig. 1. (In later diagrams the letters P 
will be omitted to save space.) The diagram is not drawn to scale 
as its only function is to serve as a guide in the calculations. 
Interpreted as an instantaneous 2,f, diagram the graph apphes 
also to damped systems. 

The applied force, F = F2, is the vertical stretch P;P, of the 
diagram. The abscissa X2 is the (unknown) amplitude at the open 
end. Mass 2h givesvise to an inertia force 


(7b] 


= 


and transmits to the system a force of amplitude F, = F, + Fx, 
where F,, = F, — Fy = Myw*X2. (Fe is the vertical line P2P, 
on the diagram.) The shaft b1 reacts to this with a spring force 

—F, = 


—K, (X, — Xi) 


In other words, it transmits the force unchanged, but reduces the 
displacement X, = X;atbto X; = X,+ Xm = X,—F,/K, at 1. 
(Xw is the horizontal line P,P;.) The mass la transmits a force 
F, = F, + Miw?X; to the shaft a0 (Fic is the vertical line P,P,); 
the shaft in turn reduces the displacement to Xy) = X,; — F,/K, 
= 0. (The horizontal line P,P» closes the diagram on the F axis. 
In problems where the 0 end is free, the XF diagram closes with a 
vertical line on the XY axis.) 
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It is more advantageous to perform the numerical calculations 
in the reversed order. Thus we assume an approximate w for 
p, and start out from the point Po of the F axis with a horizontal 
stretch X, which can be taken as 1.6 That gives F, = K,X, = 
K, for the ordinate of both Po and P,. This is followed by the 
other steps, previously enumerated, retraced in the opposite di- 
rection; the change in force at — due to an inertia element is 


[9a] 
the change in displacement due to a spring element is 


These are the only two rules that must be remembered in the cal- 
culation of the XF diagram. 

The procedure for the system of Fig. 1 is tabulated in the 
“staggered Holzer table,” Table 1. A blank space in the table 


TABLE 1 STAGGERED HOLZER SCHEDULE OF SYSTEM 
IN FIG. 1 


a [6 + 0.25? | 1 | 1 KaXa = Ke 
1 } 10w? —Mw'*Xe Add 
b 11.5 + ot | Fi/Ko | d 
2 5w? | Add 


indicates the absence of a change. The process terminates with 
the point P; = (Xe, F2). If F: happens to be zero, then the ap- 
plied force is zero, while the displacements X; are not zero. This 
is the condition for resonance; the guess w was correct. If P2 
falls short of the X axis, then the assumed frequency w is below 
the resonant frequency p;, and an input force ¥ = Fy is required 
to maintain the vibrations at the calculated amplitudes. This 
case is illustrated in Fig. 2(a). If P: is past the X axis, then the 
frequency exceeds the fundamental frequency p;. Again the 
distance of point P; from the X axis gives the input force neces- 
sary to maintain the vibrations. 

In our actual calculations, we started out with a trial value of 
0.50 for w. This led to F; = —0.232, Table 2 (d). For the time 


6 Only the ratio of the displacements is of significance; one of the 
displacements can be chosen arbitrarily. 


F 


F 
4 
L 
Bex, 6) (Xq, 0 @ 
P =(x, F) 
2 
+ xX 3 X 3 > X 
6,2 1 
(a) <p, (6) we, w>p, 
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(Diagram [a]: < Diagram [b]: = 


Diagram [c]: w > p.) 
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TABLE 2 DETERMINATION OF THE NATURAL FREQUENCIES m, m, OF THE ANTIRESONANT 
FREQUENCY mom, AND OF THE REDUCED AMPLITUDES AT w = 0.500 AND w = 0.510 


K Mo? AX | OF x 

Table 2(a) af 6.0591 1 1 6.0591 

1 2.3629 — 2.3629 3.6962 
pi = 0.4861 b | 1.7363 2.1288 3.1288 

2 1.1814 — 3.6965 —0 0003 
Table af 6.214 1 1 6.214 

1 8.574 — 8.574 —2'360 
ve = 0.926 2.357 —1.001 —0.001 

2 4.287 0.004 —2.364 
Table2(c) af 6.280 1 1 6.280 

1 11.215 —11.215 —4_935 
= 1.059 2.621 —1.883 —0.883 

2 5.607 4.951 +0.016 x FY 
Table2(d@) al 6.062 1 6.062 | — 4.31 | —26.1 

1 2.500 — 2.500 3.562 
»=0.500 750 2.036 3.036 —13.1 

2 1.250 — 3.794 —0.232 + 1.00 
Table2(e) a] 6.065 1 1 6.065 | — 2.52 | —15.3 

1 2.601 — 2.601 3.464 — 8.74 
w=0.510 5b] 1.760 1.968 2.968 — 7.49 

2 1.301 — 3.860 —0.396 + 1.00 

being disregard the columns X and F. Next we tried w = 0.46 w, = wp/%(p,) = 0.500/0.980 = 0.510...... [10] 


and obtained F; = +0.446. (This calculation is not shown.) 
Interpolation gave 0.486 for the resonant frequency. Table 2(a) 
gives the calculations for p,; = 0.4861, the approximate funda- 
mental frequency computed to 4 places. The normal amplitude 
ratio is r(p,) = X,/X, = 3.129. An exact calculation’ would 
lead to p; = 0.4766 and r(p:) = 3.126. We define “match- 
ing factor’ as the factor by which the approximate result (sub- 
script A) must be multiplied to give the exact result (subscript 
E). Thus the frequency matching factor is ®(p:) = prz/pia = 
0.4766/0.4861 = 0.980, and the amplitude-ratio matching factor 
is R(p:) = rg(~)/r4(~i) = 3.126/3.129 = 0.999. The agree- 
ment between approximate and exact results is excellent. 
Similarly one finds that pea = 1.059 and r4(p2) = X,/X, = 
—0.882. The calculations are given in Table 2(c), the XF 
diagram (for w slightly greater than p2) is shown in Fig. 2(c). An 
exact calculation gives pz = 1.050 and re(p.) = —0.903. The 
matching factors are now #(p:) = 1.050/1.059 = 0.992, and 
R(p2) = 0.903/0.882 = 1.024. The agreement is again excellent. 


ForcepD VIBRATIONS 


Suppose now that we are interested in the response of the 
system to an applied force of frequency w = 0.50 and amplitude 
§ = +1. The calculations for w, = 0.50 are shown in Table 
2(d). The first six columns show the response to an applied 
force ¥ = —0.232. To find the response to F = 1 we multiply the 
columns X, F by 1/—0.232 and obtain the columns X, F. We 
call the co-ordinates X, F “reduced co-ordinates’ to indicate that 
the input force F is reduced (or increased) to unity. We see 
that X, = —4.31, X¥, = —13.1, and X,/X, = 3.03. An exact 
calculation with we = 0.50 leads to X, = —2.43, X, = —7.18, 
and X,/Xq = 2.95. 

What is the reason for the discrepancy in the reduced ampli- 
tudes? If we plot the resonance curve Xo versus w, we find 
that the curve drops from infinity at w = 0.4861 to 13.1 at w = 
0.500. On the other hand, the exact \Xoal reaches the infinite 
value earlier, at w = 0.4766, and at w = 0.500 it is already down 
to 7.18. The two curves have similar shapes, but the approxi- 
mate curve appears drawn out compared to the exact curve 
(infinitely, for w > pz.). 

On the exact frequency scale we = 0.500 exceeds piz = 0.4766 
by (0.500 — 0.4766) /0.4766 = 4.92 percent. A similar increase 
of the approximate p,4 = 0.4861 gives w, = 0.4861 X 1.0492 = 
0.510, or more simply 


7 “Torsional Vibrations in the Diesel Engine,’’ by F. M. Lewis, 
Transactions of the Society of Naval Architects and Marine Engi- 
neers, vol. 33, 1925, p. 109. 


Thus the ‘‘matched’”’ approximate frequency, equivalent to 
wg = 0.500, has the value w, = 0.510. A calculation at this fre- 
quency, Table 2(e). leads to the satisfactory results X, = —2.52, 
Xs —7.49, and X0/Xe = 2.97. 

Since the matching factor (w) is a (slowly varying) function of 
w, the relation [10] is only approximate, and the exact corre- 
spondence is given by 


where ©(wg) is the matching factor at wg. In most problems 
(w) is unknown, and the estimate w4 2 wg can be regarded as 
satisfactory. The answer to question 1 of the Introduction 
(as to the value of w in forced vibrations) was based on this as- 
sumption, 


THE ANTIRESONANT FREQUENCY 2 


The two frequencies p;, p: which terminate the XF graph on 
the X axis are “resonant” or “natural” frequencies. Finite forces 
will create vibrations of infinite amplitudes at these frequencies 
in the absence of damping. The frequency »2, intermediate to p; 
and pz, which terminates the XF graph on the F axis, Fig. 2(b), 
is an “antiresonant” frequency. At this frequency, the body 
M;, acts as a dynamic absorber. The system has a node at the 
open end, and the applied force | = F, cannot feed motion into 
the system. (Nevertheless the vibrations within the system 
are sustained by the external force. These vibrations are usually 
small and inconsequential.) 

Table 2(b) gives the calculations at the antiresonant frequency 
m2. We find that »2., = 0.926. This compares with the exact 
value v2z = 0.894. The frequency-matching factor is ®(.) = 
0.894/0.926 = 0.965. ‘ 

It is noted that the approximate method gives better results at 
pi and pz than at the intermediate ».. This is characteristic of 
our method of approximation. 


EXAMPLE 2 NATURAL MODES OF THE VIBRATING 
STRING 


The transverse vibrations of a string of mass m, length 1, sub- 
jected to tension 7, are governed by the same equations as the 
longitudinal vibrations of a shaft of mass m, stiffness k = 7'/l, 
built-in at both ends. Den Hartog considered the approxima- 
tions to the fundamental frequency of the string on the basis of a 


8 “Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1940, p. 160. 
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Fics. 3 To 8 APPROXIMATIONS TO THE VIBRATING STRING 
(Fig. 3 represents the equivalent shaft.) 


system of weightless shafts joined by lumped masses. Two 
different methods of lumping produced two different sets of fre- 
quency-matching factors in a 1-body, 2-body, 3-body, . . . approxi- 
mation. These were #(p,;) = 0.907, 0.907, 0.920, . . . in an ap- 
proach to the correct frequency from above, and ®(p,) = 1.570, 
1,283, 1.186, . . . in an approach to the correct frequency from 


* “Mechanical Vibrations,’* p. 171. 


below. Our new lumping prescription gives #(p;) = 0.907, 
0.956, 0.975, . . . from above, while a somewhat less satisfactory 
lumping prescription, Equations [12], leads to @(p,) = 1.244, 
1.096, 1.053, . . . from below. 

Fig. 3 shows the equivalent shaft of mass m, stiffness k = 
T/l; Fig. 4, its coarsest, 0-body approximation. One half of the 
mass m is lumped into one end, one half into the other end of the 


$3 


A-218 


1 
shaft, and an effective stiffness KA = k + Fr mp? is assigned to 


the now weightless shaft. This system has no natural frequency 
and provides no approximation. 
Thus, as a first approximation, we treat the shaft as a system 


1 
of two shafts. A built-in shaft of mass 5 ™ stiffness 2k on the 
left is tied to a similar shaft on the right. We apply Equations 


1 
[2] to this new system. Mass r m goes into each wall, and 


1 1 
plays no further role, Fig. 5(a). Mass M = 4 m+ 4 m goes 


into the center and constitutes the juncture mass, The effective 
1 
stiffness of each shaft is given by K = 2k + 12 mp*, 


The XF diagram is shown in Fig. 5(b). Since the system is 
built-in at both ends, both the initial point Po and the final point 
P,; must lie on the F axis. The point P; has an arbitrary abscissa; 
we take it as 1. Then P; = (1, K), and, by Equation [9a], P: = 
ak -~< Mp*). By symmetry, the point P, = (X,, F,) = (1,0) 


1 
of the X axis is the mid-point of Thus, F, = K — 3 Mp? 


= 0. This is the frequency equation. It gives p,? = 2K/M 


1 
= 8k/m + 3 pi’, i.e., pi? = 12k/m. Comparison with the exact 


fundamental frequency, p, = +(k/m)'/?, determines the frequency- 
matching factor, = = 0.907. 
We could have arrived at the same results by using Rayleigh’s 


1 1 
method of lumping. Mass Mz = 3 m+ s m is Rayleigh’s 


center mass, and Kp = 2k gives the spring constant of the two 
shafts. The answer is again p,? = 2Kpg/Mp = 12k/m. How- 
ever, while Rayleigh’s prescription holds only for a system of 
built-in shafts, and thus cannot be used beyond a two-shaft ap- 
proximation, our method is valid for an arbitrary subdivision of 
the shaft and produces rapidly converging results. 

If we divide the shaft into three equal parts, Fig. 6(a), and 


1 
lump according to prescription, then M = 3 m for the two 


masses, and K = 3k + Fc mp? for the three shafts. The 2-noded 


XF diagram (the two nodes are at the built-in ends) is shown in 
Fig. 6(6). By symmetry P2 = (X2, F2) and P; = (Xz, Fs) coincide 
onthe X axis. Thus FP; = K— Mp? = Ois the frequency equation. 
It has the solution p,? = K/M = 10.8k/m. The matching factor 
is now given by (p,) = 7/10.8'? = 0.956. 

Our analysis, based on Fig. 6(b) did not provide for a second 
frequency. The short cut P; = P3; eliminated the p, solution. 
For the 3-noded mode, one has to use the general Fig. 6(c). In 
accordance with Equations [9 a, b], we write 


P, = (1, K), Ps = (Xi, Fi — Mp*X,) = (1, K — Mp?) 
Py = (X2 + F:/K, F:) = (2 — Mp*/K, K — Mp?) 
Py = F; — Mp?X;) = (2— Mp*/K, K —3Mp?+ M?*p‘/K) 
Thus 
Xs = X4+ Fi/K = (M*/K?*)(p*— 4p?K/M + 3 K2/M*} = 0 


is the frequency equation. It has the solutions p? = K/M, 
38K/M. We have already found the K/M solution on the basis 
of Fig. 6(b). It gave the frequency of the fundamental. The 


second solution, p.2 = 3K/M = 54 k/m represents the second 
frequency. Comparison with the exact second frequency, p: = 
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(k/m)'/*, gives (po) = 2n/54'/* = 0.855 for the frequency 
matching factor. 

We can improve the 3-shaft approximation for the second fre- 
quency by using the subdivision shown in Fig. 7(a). The two 


concentrated masses are now located at 4 distance from the 


respective ends, i.e., at the erirema of the 3-noded elastic curve 
of the string (the 90- and 270-deg points of the sine curve). On 
the basis of Fig. 7()), we obtain the frequency equation, 


Xs = (M*/K.K,)(p* 2p*(Ko + K,)/M + 


(Ko? + 2 KoK,)/M?] = 0 


which has the solutions p,? = Ko/M = 12k/m, and py? = (Ko + 
2Ki)/M = 48k/m. The frequency matching factor #(p.) = 
7/12'/? is as good as was (p;) in the first approximation. We 
could have obtained this result much faster by writing for P,, the 
mid-point of P:P3, X, = 1+ (Ko — Mp*)/2K, = 0. This 
short cut eliminates the fundamental from the calculations. 

We give the results for one more approximation, Fig. 8(a). If 
we are interested only in the fundamental, we write on the basis 
of Fig. 8(b) 


F, = (M2/2K) [p' — 4p? K/M + 2K*/M?] = 0 


If we want to obtain all three solutions, we use Fig. 8(c) and ob- 
tain 


Xr = — (M*/K®) [pt —6p* K/M + 10p? K?/M? — 4K3/M3] = 


—(M*/K%) — 4p? K/M + 2K*/M?®] [pt —2K/M] = 0 


The solutions are 


2—/2 
2— v2 k = 10.39 k 
4+ m 
= 2K/M = 48 k/m 

K 2+/2k k 


2= (2 />) — = 6 ——— -— = 126.8 — 
Ps ( + V2) 9 26.8 


The matching factors are (p,;) = 0.975, (ps1) = 0.907, (ps) = 
0.837. 

Again the result for p; is not the best that can be obtained with 
a 4-shaft approximation. If we subdivide the shaft at the ez- 
trema of the 4-noded elastic curve (sine curve) of the string, i.e., 
at one-sixth distance from each end, and also at the middle, 
then the matching factor assumes the familiar value (p;) = 

In a variational procedure such as ours, the estimates for the 
frequencies are always too high. If we neglect the correction 
term in K, i.e., if we use the rule of lumping 


K 
pt = (2— V2) = 96 


in place of Equation [2b], but lump m as before 


1 
M=yut (m, + m,) [126] 


then we obtain 
2K/M = 8k/m, K/M = 9k/m, (2— +/2)K/M = 9.38k/m 


as the successive estimates for p,*. They give @(p,) = 1.244, 
1.096, 1.053. The approach to the correct frequency is now from 
below, but it need not be so in other problems. The lumping by 
Equations [12 a,b] is known in electrical engineering as the ‘‘nomi- 
nal 7 method.” 
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EXAMPLE 3 DAMPED SYSTEMS 


A damped mass z, with the damping coefficient p, gives rise to 
an inertia force —zé = yw*z, and also to a force which is pro- 
portional to the velocity 


We can consider the damping force as an imaginary inertia force 
and lump it with the real inertia force into a complex inertia 
force u,w*2 = (uw*—jow)z. Mass u, denotes the complex concen- 
trated mass 


{13a} 


Similarly, if r is the (total) distributed damping constant of a 
shaft of (total) mass m, then the (total) complex shaft mass m, is 
given by 


The use of complex masses in Equations [2a, b] and [9a, b] ex- 
tends our method to arbitrary damped systems. 

While in an undamped system the applied force gives rise to an 
infinite displacement at resonance, to a zero displacement at 
antiresonance, the phase shifts which arise in a damped system 
restrict the maxima and minima of the resonance curves to finite 


values. 


TABLE 3 STAGGERED HOLZER — OF SYSTEM OF 


EXAMPLE 

—Me* AX | AF |_X | 
6 + 0.250! 1 | = K 

1 + 0.50 | | Add 

1.5 + Fi/Kb | Add | 

2 — + 0.20) Add 


As an example we consider the system of Fig. 1, modified by the 
assignment of a damping constant p,; = 0.5 to u., and of p: = 0.2 
to us.. The M,w* term of the staggered Holzer table, Table 3, is 
now given by 


My? = (10 — 70.5/w)w*? = 10 w* — 70.50 


and similarly 
My? = 5w* — 70.20 


Let the problem be to find the response of the system to a 
harmonic excitation at the first resonance. Since the damping 
is small (the imaginary part of Mw? is small compared to the real 
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part), we can perform the calculations at the undamped natural 
frequency p, = 0.4861. The calculations are carried out in 
Table 4. We find that a unit displacement X, = 1 requires an 
applied force of amplitude F = F; = — 0.0139 + 70.3819. The 
force has a magnitude {(—0.0139)? + (0.3819)?}'/* = 0.3821. 
It has a component —0.0139 in phase, a component 0.3819 in 
quadrature with the motion at a. The applied force leads the 
displacement z, by a phase angle, arctan (0.3819/—0.0139) = 
92.1 deg. The instantaneous displacement at a is given by the 
real part of 1.e?”", i.e.,cos pit; the instantaneous value of the ap- 
plied force is given by the real part of 0.3821 e/(?# + 92.1 deg) j ¢, 
0.3821 cos (pit + 92.1 deg), where p; = 0.4861 radians per sec = 
27.86 deg per sec. 

The other complex quantities have a similar meaning. The 
polar forms of X and F are given in columns 7 and 8. We used 
the customary notation Z ¢ for and/ 

Division of the columns X and F by F; = 0.3821 Z 92.1 deg 
leads to the reduced columns X and F. The magnitude of the 
amplitude ratio is now |X,/X¢| = 8.197/2.617 = 3.133. 

An exact Lewis calculation gives (at pig = 0.4766) X, = 
2.670/ 89.1 deg, X, = 8.356/ 89.4deg, and |X;/X,| = 8.356+ 
2.670 = 3.130, in good agreement withthe approximate results. 

Actually, the damped resonant frequency (the frequency of 
maximum response per unit force) does not coincide with the 
undamped 7~,.!° A calculation of the resonance curves X, versus 
w, and X, versus w, shows that, by the approximate method, X, 
attains a maximum of 2.6176 at a frequency 0.4858, and X, 
attains a maximum of 8.211 at a frequency 0.4848. The phase 
angles at the maxima are ¢, = —91.3 deg and » = —86.4 deg, 
respectively. The magnitudes of the amplitudes have barely 
changed from that at p,4, but the phase angles have shifted by 
a noticeable amount. Similar phase shifts are observed also in 
the exact method. One finds for the exact maxima X,,max = 
2.6702 /” 88.8 deg at p = 0.4765, and Xj.max = 8.368 /~ 
86.3 deg at p = 0.4755. 

A shaft of distributed damping constant r has an effective 


1 
stiffness K = k + 6 (mw? — jrw). In obtaining the change in 


the displacement amplitude, the force is divided by the complex 
number K, Division by a + jb amounts to a multiplication by 
(a — jb)/(a* + b*). The calculations proceed as in the former 
case. The time saved in such a calculation compared to an exact 
Lewis calculation is very considerable. 


10 “ Mechanical Vibrations,’’® p. 63. 


TABLE 4 DETERMINATION OF THE REDUCED AMPLITUDES AT UNDAMPED NATURAL FREQUENCY pi 


K — Me? 


AX | _AF ' = F > 4 | F xX | P 
a | 6.0591 | 6.0591 1 Z0° 6.059 Z 0° 3-617/ 92. 1°| 15.86/—92.1° 
1 —2.3629 + | | —2.3629 + 3.6962 + 3.764 Z3.8° 9.69/—83.3° 
0.2431 40.2431 | 40.2431 
b | 1.7363 2.1288 + | | 3.1288 + 3.132 22.6° 8.197/—89.5° 
0.1400 | j0.1400 
2 —1.1814 + | 53-7101 + | —0.0139 + 0.3821 2 92.1° 1.00020° 
{0.0972 j.0.1388 {0.3819 


The Appropriate Lumped Constants of 
Vibrating Shaft Systems 


By G. HORVAY! ano J. ORMONDROYD,? WASHINGTON, D. C. 


The present paper is a theoretical supplement to the 
descriptive article, ‘‘Static and Dynamic Spring Con- 
stants.’’® It is concerned with the derivation of the con- 
stants 


1 1 
K, =k; + = (: + = w*m,/k;).. [la] 


1 
My = + (miote + mright). [1b] 


of the appropriately lumped shaft system (Section 1), and 
with an estimate of the range of the new method (Sections 
2,3, 4). Term k; denotes the distributed static spring con- 
stant, m; the total mass of the ith (uniform) shaft section 
of the system; 4; is the ith concentrated mass, w the fre- 
quency of vibration. 


1 DETERMINATION OF THE APPROPRIATE LUMPED 
CONSTANTS OF A SYSTEM 


curve of a system of concentrated masses and weightless 

shafts is a broken straight line; the breaks occur at the 
concentrated masses. For a system of shafts with uniformly 
distributed constants the straight-line sections are replaced by 
the arcs of the sine curve.‘ Various methods of lumping lead to 
various approximate normal elastic lines and various approximate 
natural frequencies. We formulate the problem: For any given 
system, find the method of lumping which produces the best linear 
approximation (broken straight-line approximation) to the true 
normal elastic curve. The best linear approximation is deter- 
mined in the ‘calculus of variations” (by means of well-known 
methods) as that particular member of the family of all linear 
approximations to the true normal elastic curve of the system 
for which the frequency of vibration is stationary (i.e., 62? = 
0, see Equations [4], [8]). A modification of the conventional 
procedure furnishes the constants given in Equations [la, b].* 


4 reader is familiar with the fact that a normal elastic 
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{| em, m2 ms 
| k, k, k, 
é= L,=¢, 4,42, 
X= xX, 
Fia. 1 


NaTuRAL Mopes oF VisRATION® 
We begin with the determination of the energy of the system 
in Fig. 1. The system vibrates in a natural mode, w. The longi- 
tudinal co-ordinate measures the distance from the built-in end. 
The (harmonic) displacement from the equilibrium position 
at the point £ is denoted by 


For the displacements at the points § = L,, Ls, Ls we write more 
simply 21, 22, 23. 

The shaft ¢ has a mass m,, spring constant k;. It carries a 
concentrated mass ui-; on the left, uw; on the right. Mass yu, 
has the kinetic energy 


Shaft 2 has the kinetic energy 


1 


Ih Ii 


and the potential energy 
1 In 1 La 
2 

Thus the total kinetic energy 7’ of the system is given by 


1 1 1 1 


1 Ls 1 Is 
In 2 Ia 


= . . [3a] 
while the total potential energy V is given by 


1 In 1 In 
0 Ih 


1 Le 
+ kels = ety { X(E)}. . [3b] 
2 la 


Equation X = X(é) is the elastic curve of the system; X’(é) is 


5 A more complete exposition of the ideas which underlie our vari- 
ational procedure can be found in the mimeographed lecture notes, 
“Applied Mathematics (Vibration Theory),’’ by R. Courant, Gradu- 
ate School, New York University, 1941. 
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the slope of the curve at the point & At the built-in end one 
has X(0) = 0. We call 
= 
T{X(8)} 
the ‘frequency function” of the system.® 
The second step of the variational method consists in approxi- 
mating the true elastic curve by a ‘‘family” of simple curves. The 
simplest such family is the linear family, the family of broken 
straight lines. A broken straight line that takes on the ordinates 
0, Xi, X2, Xs at the abscissas 0, Z,, Lz, Ls has the equation 


N(g) = + (X; — Xe-1)(E — for SE 
= 1,2,3) 


Replacement of Equation [5] into [3] gives the following 
approximate expressions for T’ and V 


1 1 1 1 


1 1 
4 + + + + + 75?) 
= { X,, X2, X33}. . [6a] 
1 1 1 
Vin(t), = 2 kyx,? + halts — 2%)? + ks(x3 22)? 


= Xs, Xe} .. [6b] 


In the third step of the conventional procedure, one substitutes 
these expressions into Q? and obtains 
V{X1, X2, Xs} 


X,, X3} = T{X,, Xa, Xs} 


Division of numerator and denominator by X;* gives 


V { T2, 1} 


7, 1} = T\r,, rz, 1} 


The dependence of 2? on only two variables, r; and r:, conforms 
with the fact that the elastic curve too depends only on the ratios 
r, and r,; X, merely fixes the scale of the ordinates.’ 

For various assumptions as to the values of r; and 7; one ob- 
tains various linear approximations to the true normal elastic 
curve of the system, and correspondingly, various estimates for 
the true Q?, A variation of r, and r; over the entire range, — © to 
+ , will produce all linear approximations to the elastic curve. 
Our task will be to pick from this infinite family of approximations 
the best possible approximation. 

This leads to the fourth step. The extremum condition re- 
quires that 


be satisfied. Three pairs of roots 7, rT: will be obtained from 
these equations. They constitute the normal amplitude ratios 
in a one-noded, a two-noded, and a three-noded mode of vibra- 


‘In the natural mode w, V{X(t)} = amplitude of V{z(é, = 
amplitude of T{#(&, t)} = w*T{X()}. Therefore V{X}/w*T{X} = 
1, or Q? = 

7 Cf. Part 1, footnote 6. 


tion. One substitutes these 7;, 72 values into 2?; 2? then assumes 
in succession the approximate values of the squared natural fre- 
quencies «,?, w*, ws". This completes the variational solution of 
the vibration problem in the linear approximation. 

In an alternate procedure the third and fourth steps are re- 
placed by a new third step, the formation of the Lagrangian 
equations of motion 

d oT oV 


—— 


— 7=1,2,3 
dt oz; 


associated with the approximate energy expressions, Equations 
[6a,b]. This gives 


1 
(1 + 3 (m, + m2)w? — ky — in) a+ 


(is + im!) =0 


1 1 
+ ms) + + gmt ms)w* — 


1 
ky Ze 6 met) x3 = 0 


(is + t+ Maw? — = 0 


On the other hand, the motion of a system of weightless springs 
K; and junction masses M; is governed by the equations 

(Mw? — K; — + Kitz = 0 

+ (Maw? — — Ks)a2 + = 0 } 


+ (Myw? — = 0 } 

If we represent Equations [10] by 2,a,,z, = 0, Equations [11] 
by 2,},,7, = 0 (r,s = 1, 2, 3), then the equivalence of Equations 
[10] and [11] requires that b,, = a,,forallrands. The equalities 
baz = G32, bas = G53, bay = Oni, Ore = 22 give in succession 


1 
Ms; = ws + ms, 


1 
Ky = + 3 


1 
Kz = ky 


1 
Mz = + 2 (m2 + ms) 


These constants are uniquely determined. The final equality, 
by = a, merely establishes a relation 


f 1 1 
(Mi)w? — K, = + + 2 — &....[12] 


between the constants K, and M, of the built-in shaft. 

There are obviously infinitely many ways of splitting the right- 
hand terms between K; and M,. If we equate the parentheses 
on the two sides we obtain 

K k M a 2 m+ : 

1 ly My Mi 3 1 2 m 
This is Rayleigh’s prescription for lumping the built-in shaft 
(for m; = 0). But it is physically more nearly correct, and 
certainly more consistent, to write 
K ky + . Myw? M . m + . 
1 1 6 10°, 1 Mh 2 1 2 m 

This establishes Equations [la, b] for all the members of the sys- 
tem in Fig. 1. Since Equations of type [10] and [11] can be set 


5] 

| 

: 

on? on? 

on ors 

: 
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up for arbitrary shaft systems, Equations [la, b] have general 
validity. 


Forcep VIBRATIONS 


Equations [la, b] also hold for forced vibrations. Assume, for 
instance, that a force Fe’ is applied at mass ye, where w is not 
now a natural frequency. Replace F by an equal inertia force 
The system, with the mass + replacing executes 
natural vibrations. Hence Equations [la, 6] can be applied. 
Replace now the force uw*X_ by the applied force F; the system 
will not ‘notice the difference.”” Thus Equations [la, b] are valid 
also in the presence of external forces. 


Dampep VIBRATIONS 


In the presence of damping, the Lagrangian equations take on 
the form 


dor ad, 
at ou; Ox; 


Function D is “Rayleigh’s dissipation funetion;” for the system 
of Fig. 1 it is given by 


1 1 1 1 li 
t)} = 2 + pats? + 2 (r1/h) dé 


1 Le 1 Ls 
+ 5 + 5 = —we"D{ 
In Le 


p1, p2, ps are the damping constants of the masses py, we, us} TM, 72, 
rs are the distributed damping constants of the shafts 1, 2, 3. 
Since 


= —(j/w)dei* /at 


the D term of Equation [9’] can be lumped with T into a ‘‘com- 
plex” kinetic-energy expression 


for the complex shaft masses. Using this extended notion of 
mass in Equations [la, b], these apply also to problems in damped 
vibrations, 


2 THE FREQUENCY EQUATION 


In Section 1, we have settled the question of a “best” approxi- 
mation. It is natural to inquire at this point: How good is this 
best approximation, and, how bad can it become under extreme 
conditions? In the present section, we shall show that the approxi- 
mate natural frequencies agree with the exact frequencies to €;? terms. 
In Section 3, we shall establish the same result for the normal 
amplitude ratios. 

We first prove the theorem for the system in Fig. 2. Shaft k; 
is assumed to be weightless. The partial-differential equation 


m 
ot? 


is the equation of motion of the shaft (k, m), and the ordinary 
differential equations 
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dx, Ox 
— = kl — 
de kl (=) 1% [ ] 
d ox 


are the equations of motion of the end masses 4; and ye, and con- 
stitute the boundary conditions to Equation [15]. Equations 
[16a], [165], and [15] express the fact that the inertia forces are 
balanced by the axial forces at the points § = 0, € = l, and in the 
interval —& to & + dé of the shaft. In view of Equation [2], 
Equation [15] can be rewritten as 


PX 2 
(<) [17] 


€=w 


where 


It has the solution 
The amplitude of the axial force is given by 
F = klON/OE = w(mk)'*R cos (a + &/l)...... [19] 


The factor R is arbitrary.? In terms of Equation [18] the bound- 
ary conditions, Equations [16], become 


tan @ = — w*)...... [20a] 
tan (a + €) = 

where 
Pi? = Po? = = k/m....... .. (21) 


Elimination of tan @ between Equations [20a] and [205] yields 
the frequency equation 


Aexact = (pi? + y(p2? + Pa?) Jw? 
+ — &pn*)p.? = 0. . [22] 
where 


y = €cote 


For |e| < + we can expand in powers of e, and obtain 


1 
Aexact = Ao + 3 — + 


1 
+ €*((p2? + par?)w* — py*pe?] + ... = 0.. (22’] 
We used the notation 


Ao = wt — + + + pr*pa®....... [23] 


On the other hand, the equations of motion of the system in the 
appropriate approximation are (cf. Equations [10]) 


1 
(se mut — —k) (i+ = 0 
) 


(i : nat) + mw? — 0 
6 3 ) 


Divide the first equation by 4, the second by ue, and form the 
determinantal equation. The result is the frequency equation 


fe 


at? 
a 
I 
and correspondingly we can write 
for the complex end masses, and — 
d 
\ 
| 
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1 1 
w? py? — pa? + Pa + 6 


Aapprox = 


1 
| + 


1 
w? — pa? + 
| 3 


1 1 
= Ao + + — (pi? + + = 0 


[25] 


It agrees with Equation [22’] to « terms. 
agrees With wexact to e? terms, q.e.d. 

For the system of Fig. 1 there are three shaft equations of the 
form of Equation [15]. The solution 


Thus also wapprox 


2(f,t) = Ry sin fag + — Ly-1)/li\-™ 
(L-1 S Ty; = 1, 2, 3) 
is subjected to three geometric boundary conditions 
X(L,;—0) = X(L; + 0) 


and three dynamic boundary conditions 


ox or 
— = — 


The geometric conditions lead to the relations 
sin (aj-1 + 6-1) = R; sin a; 
and the dynamic conditions lead to the relations 
w* tan (a; + = tan (a; + ¢€)/tan 
where 
Ro = m = pa? = 0 


Elimination of the constants tan a2, tan a; from the last three 
equations yields the frequency equation 


Aexect = — + gs? + gs? + ga? + 
+ + + + + + 
— tan? — tan? €3 — [917g2?gs? — tan? 
— tan? — tan? es] = 0. . [26] 
where 
vik; / nj. [27] 


Again there is an agreement to ¢,? terms with the frequency 
equation of the appropriately lumped system 


[Po + Pe + PP + Pa® + Pathe 
+ + P2P2 + + + + Pa? Ps? 
— = 0. . 


= 937 = = 


As pprox = w 


We used the notation 


1 
= K,/M,, P;;? = K,/M;, K; = k; (1 6 


1 
= + (m; + mi+1). . [29] 


The theorem can now be extended to an arbitrary system in the 
following manner: 
To begin with, the theorem holds, by a specialization of Equa- 


tions [26], [28], for the 2-shaft l-mass system of Fig. 1, where 
shaft 3 and mass pw; are omitted and uw, = ©. (We shall refer to 
this system as A. The system is built-in at both ends.) We 
call the shafts of system A shaft 1 (ki, m:) and shaft 2* (ks*, 
m;*). Mass mis the junction mass. The fundamental frequency 
of system A is given by the appropriate approximation accurate 
to e,? terms. 

Without recourse to Equations [26] and [28] we shall now 
show that the appropriate approximation gives the fundamental 
for the built-in 3-shaft 2-mass system (ki, m), u1, (ke, me), ue, 
(ks, ms) accurate to ¢?terms. (System B; us = @ in Fig. 1.) 

If we split the shaft 2* of system A into any two parts (ky’, 
ma’), (ks’, ms’), and calculate the approximate fundamental on 
the basis of the 3-shaft system, consisting of shaft 1, shaft 2’, and 
shaft 3’, we improve the approximate result. (The family of 
3-line approximations to the normal elastic curve includes the 
2-line approximations, hence by the variational method, gives 
at least as good a result.) We can take = + 
and split shaft 2* to give k2’ = kz, k;’ = k;. Furthermore we can 
take m,* so large that the splitting leads to m2’ > m2, m3’ > ms. 
If we now reduce the weight of shafts 2’ and 3’ until mz and ms 
are reached, we further improve the result. (Thelighterthe shafts, 
the better the approximation.) Finally, insertion of mass ps 
between shaft 2 and shaft 3 again improves the approximation. 
(The heavier the junction masses, the better the approximation.) 
Thus the fundamental frequency w; of system B is accurate to 
«2 terms, and by the same process also to e:? and ¢;? terms. Since 
the frequency equation treats all three natural modes on the same 
basis, the result is equally true for we and ws. 

Releasing one or both ends of the system B further improves 
the approximation, because the system is then subjected to re- 
duced constraints.’ Similar arguments extend the theorem to 
systems with arbitrarily many shafts and junction masses, and 
with arbitrary end conditions, q.e.d. 


3 NORMAL AMPLITUDE RATIOS 


We shall now show that for the system of Fig. 2, both the exact 
normal amplitude ratio (X2/Xi)exact and the approximate ratio 
(X2/Xy)approx are given to e? terms by 

Xa _ pt—ot t+ 
X; Pu? 6 
In the approximate method we take the ratio X:/X, from Equa- 
tion [24] and obtain for «2 < 6 


(x:) 
approx 


K + Ki— Mus 


In the exact method we start out from Equation [18] and, ob- 
serving Equation [20a], we write : 


X: Rsin (a + 
(=). Rsin « + ecot a 2 6 cot « 


K 1 

6 

=e? 1 p,?—w? 

Pa? 2 pu? 

4 14 1 — [30a] 

+— +— cota—... =14+ —- (14-4 — 

24" 120 Pa? 

+ — (: += —... .. [300] 

24 pa? 
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| AL, 
m 
| k 
€=2 
X=X, X=X, 
Fie. 2 


This proves the theorem for the system of Fig. 2. 
For the system B of Section 2, one obtains similarly (to «,? 
terms) 


X: pu? + 1 1 8pu? + 
Pu? 3 6 Pa? 
both by the exact method and by the approximate method, and 
the generalization to other systems proceeds along lines similar to 
those given in the preceding section, q.e.d. As a result, the 
equations of the chords of the sections of the exact elastic curve are 
given, except for terms of higher order, by the appropriate linear 
approximation. 

Example. We consider the system of Part 1, Fig. 1: (ki, m) = 
(6, 1.5), uw: = 6.25, (ke, m2) = (1.5, 6), ue = 2. We calculate 


1 
pi? = 0.96, pn? = 0.24, = 0.75,4 = a= 2w, and find 


that Ap = wt —1.95w? + 0.72 = 0 has the solutions w = 
0.7034, 1.205, Aspprox = 2.72wt — 3.69w? + 0.72 = O has the 


solutions® 0.4861, 1.059, and Aexact = wi — [oss cot ; @ + 


. [31] 


1 
1.98 cot 20 | w* + cot 3° cot 2w — 0.720 | = 0 has in- 
finitely many solutions, 0.4766, 1.050, 2.025, and so on. 


8 Part 1, Section 1. 
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In the second mode (X2/X1)approx = —O.882, (X2/Xidexact = 
—0.903, and the elastic curve of shaft 2 is given in the appropriate 
linear approximation by 

X(s) = X,(1 — 1.8828) 
where 


The exact equation of the curve is 
X(s) = Rsin (114.75 deg + 2.100s) = X,(1— 0.968s — 2.205s* + 
0.712s* + 0.810s* — 0.1578§ — 0.119s* + ...) 


The indicated 7-term expansion leads to (X2)7 terms = [X(1) ]z terms 
= —0.927 X, which is not yet quite as good as the result of the 
appropriate linear approximation (X2)approx = —0O.882 X;. In 
order to effect an improvement over the appropriate linear 
approximation, one has to use a 7th degree, 8-term expansion of 
the exact solution, (X2)s terms = —0.911 X}. 


4 THE CASE OF LARGE «¢ 


A systematic study of numerical examples reveals that the 
approximate natural frequencies and the normal amplitude ratios 
can be considered as reliable in most cases up to K,/k; & 2. 

If the ares of the exact elastic curve, which belong to the 
various shaft sections, are well approximated by their chords 
(when for instance the chords span arcs which have an inflection 
point near the middle), then the results will be good for relatively 
large values of ¢; (€; ~ 7), if the chords are poor approximations 
(when for instance some chords span ares which have an ex- 
tremum near the middle), then relatively small values of ¢;(e; ~ 
x/2) will cause much deviation. In particular, the method 
breaks down completely for the single shaft that has nodes at 
both ends (e = x). This case is illustrated in Part 1, Fig. 4. 
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Desig n Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal includes a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data have been prepared by a subcommittee of the 
Applied Mechanics Division— S. Timoshenko, R. E. Peter- 
son, J. Ormondroyd, J. N. Goodier, and J. M. Lessells. 


Balancing of Rotating Apparatus—I’ 


By R. P. KROON,' PHILADELPHIA , PA. 


T is impossible to manufacture dynamically perfect rotors, 
because: 
1 The material is never quite homogeneous. 
2 There are always some geometrical errors. 
3 The rotor may distort under operating conditions. 


It is the purpose of balancing to offset these imperfections by 
adding or subtracting material at some points of the rotor, the 
ideal being a rotor which “runs smooth,” that is, which does not 
transmit any periodic forces? to its bearings. Balance weights as 
small as 1/50,000 of the rotor weight can have noticeable effect. 
Material is usually added by inserting balance plugs in threaded 
holes or by welding on pieces of metal; weight can be removed 
by drilling or chipping. 

One distinguishes ‘shop balancing” in which the rotor is bal- 
anced (usually at low speed) in a balancing machine, and “field 
balancing,” which is performed on the rotor in its own bearings 
and at its operating speed. 

The unbalance of a rotor can be described in several ways. 

In Fig. 1 (a) there is shown a slice of a rotor. A line passing 
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the centers of the rotor journals intersects this disk-shaped ele- 
ment at M. However, the center of gravity of the element may 
be at S, a distance e removed from M. The dimension e and 
its direction with respect to a fixed line on the disk (say, MR) 
define the unbalance of this rotor element of given dimensions and 
weight. 

Another way of defining unbalance is to consider the element 
as consisting of a perfect disk of mass M with an eccentric mass 
mat aradius b. The center of gravity in this case is removed a 


1 Manager, Development Division, South Philadelphia Works, 
Westinghouse Electric & Manufacturing Co. Mem. A.S.M.E. 

? Both forces and moments acting upon the bearings should be 
eliminated. The influence of moments is usually neglected. 

* Part II will be published in a later issue. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1944. Discussion received after the closing 
date will be returned. 


distance mb/M from the geo- 
metric center and this should 
equal e, if Figs. la and 1b 
are supposed to represent the 
same case. The last concep- 
tion is especially practical 
where unbalance weights are 
inserted along a circle of radius 
b. The mass m then corre- 
sponds to the mass of a certain 
balance weight. When one 
talks of a 16-oz unbalance, it 
is implied that this amount is taken at the radius 6 of the balance 
holes. 

A number of balance weights mi, m2, m3, etc., at a radius } 
can be replaced by a single weight m at the same radius, the 
amount and location of m being found by vector addition (Fig. 2). 
Starting with m, draw a vector MA representing the weight m 
to a certain scale (say, 1 in. = 100z). For weight m2: draw AB 
to the same scale parallel with Mma, and similarly let BC represent 
the weight m; in amount and direction. Then the direction of the 
resultant MC indicates the location of m, its magnitude deter- 
mines the amount of m. 
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VIBRATORY SYSTEM 


The vibrating system, with which we are concerned, includes, 
generally, not only the rotating part (rotor, spindle, shaft) but 
also the stationary part (stator, frame, cylinder) and often the 
foundations. 


Stneie Disk oN FLEXIBLE Suart, StirF Bearines? 


It is advantageous to study first a simple system, i.e., a single 
disk of mass M on a symmetrical weightless shaft. Let the 
disk in Fig. 3, be rotating at constant angular speed w, so that the 
number of revolutions per second is w/2r and the number of 
revolutions per minute is 30w/z. 

To study the motion of 
this rotating system, we 
assume that we have stiff 
bearings A and B and 
that the shaft is equally 
flexible in any direction. 
Also we deliberately forget 
about the action of gravity 
on the disk. 


B 
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5 Reference (2) of Bibliography. Numbers in parentheses refer 
to the Bibliography which will be published at the conclusion of 
Part 2, of these design data, to appear in a future issue of the JouRNAL 
oF APPLIED MECHANICS, 
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If there is any unbal- 
ance, so that the center 
of gravity is at a radial 
distance e from the shaft 
center, the disk will not 
run true. 

An instantaneous (ex- 
aggerated) side view of 
the disk under actual run- 
ning conditions is shown 
in Fig. 4. 

In this figure the center 
line of the bearings would 
intersect the plane of the 

Fia. 4 disk at O. The center of 

the whirling shaft, how- 

ever, is off center at M. This geometrical center of the disk and 

the actual center of gravity S are a distance e apart. The side 

marked H is called the ‘‘heavy”’ side of the disk, the opposite side 
L the “light”’ side. 

Having neglected gravity, there is no preferred direction for the 
rotor, and it seems logical to assume that the relative positions of 
O, M, and S will not change during rotation. In other words, 
it is assumed that, as the disk whirls, it always turns the same 
spot T toward the outside. This point, indicating the direction 
of eccentricity, is often referred to as the “high spot.” 

A study of the equilibrium of the disk must decide whether this 
assumption is correct. 

The forces acting on the disk are shown in Fig. 5, as follows: 
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1 The shaft, being pulled away from its straight position 
through O, exerts a restoring force F on the disk. This force is 
radial through the center of the disk and is taken proportional 
to the displacement r 


in which K is called the spring constant of the shaft. 
2 The center of gravity S whirls around with an eccentricity s. 
This corresponds to an inertia force (a “centrifugal force’’) 


The frequent use of the term “centrifugal force’ for Mw’e, is 
obviously misleading, unless it is applied to a stiff rotor with stiff 
bearings. 

3 There will generally be forces such as air friction opposing 
the whirl. These resistances can be resolved into a force R 
plus a moment about M. The moment will have to be sup- 
plied by a driving torque through the shaft. For the force, we 
make the arbitrary assumption that it be proportional to the dis- 
placement r and to the angular velocity w 


The forces are in equilibrium when 
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—F + Pcosa = 0 
R—Psina =0 
The unbalanced moment from P about M is again counteracted 
by a torque of the shaft through M. 
Substituting Equations [1], [2], and [3] in [4] 
—Kr + Mw*s cos a = 0 15] 
The geometry of Fig. 5 is such that 
scosa=r+ecos¢ 
ssina = esing 
so that the Equations [5] can be written 
—Kr + Mw*r + Mwe cos = 0 
Cor — sin g= 0 
From Equation [6] we derive 
ge = 

V(K — Mo)? + Cr? 

It is seen that indeed the triangle OMS does not change as the 
disk rotates, radius r and phase angle stay constant at constant 
speed. 

If one would take a pencil and “mark” the shaft while at 
speed, one would always touch the same point 7' of the disk, inde- 
pendent of whether one approached the disk horizontally or 
vertically. 

Equations [7] and [8] are identical to those of a forced vibra- 
tion of a system with one degree of freedom when one considers 
eMw* the exciting force. Since e and M are constants, we have 


here an exciting force proportional to the square of the running 
frequency. 


[8] 


K C 
With w, = the natural circular frequency and 6 = 
Wy 


the logarithmic decrement, formula, Equation [8] can be put in 
dimensionless form 


(w/wn)? 


At very slow speeds (w = 0) the rotor runs true. With increas- 
ing speed, the radius of the whirl first increases, Fig. 6. As we 


[9] 
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KROON—BALANCING OF ROTATING APPARATUS 


reach the natural frequency of the system w = 
large amplitude r, given by 


wn, We have a 


Tr us 


The “magnification factor” 2/5 indicates how many times the 
radius of the whirl r, is larger than the original eccentricity e. 
Factors of 5 and 10 are common on rotating equipment. 

The speed at which maximum amplitude is reached is called the 
“critical speed.’’ It corresponds to an angular velocity w, 
slightly above the natural frequency w,, namely, for 


We = 1 
Wn wi §2 
The peak amplitude r, is given by 
r, 
(10) 
§2 


It is seen that with small damping (say, 7/5 = 10) the denomina- 
tor can be put equal to i with negligible error (r, = r.). Notice 
that, w, being the natural frequency of the undamped system 
for lateral vibration, the shaft, while running, will reach a maxi- 
mum amplitude at a frequency very nearly equal to that at 
which it vibrates when hit while standing still. 

As the speed passes beyond the critical speed, the amplitude 
decreases and for very high speeds it approaches the limit r = e. 
A typical resonance curve is shown in Fig. 6 for 7/5 = 5. 

Following the values of the “angle of lag’”’ correspondingly, 
we see that at low speeds ¢ = 0, the “high spot’”’ 7’ corresponds to 
the heavy spot H on the disk. At w = w, the angle of lag has 
become 90 deg. For very high speeds ¢ approaches 180 deg. Here 
the disk runs about its actual center of gravity, S and O coincide, 
the high spot 7’ corresponds to the light side Z of the disk. The 
disk can be balanced for all speeds by adding (or taking away) 
balance weight at one single spot, the points M and S being made 
to coincide. 


Disk on Saarr FLEXIBLE BEARINGS 


Having dealt with the case with stiff bearings, no complica- 
tion is introduced by a flexible weightless bearing support, as 
long as the bearings are equally flexible in both horizontal and 
vertical directions (shaft horizontal). In this case shaft and 
bearings act as springs in series, and the critical speed is lowered 
because of the additional flexibility in the bearings. 

However, usually the bearing support has different stiffnesses 
in the horizontal and in the vertical directions. Then we have 
two stationary natural frequencies, one in the horizontal and 


Horrzontal | Vertica 


Amplitude 
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one in the vertical direction. To each of these corresponds a 
critical speed. A resonance diagram appears as in Fig. 7. 

Again in this case, the addition of a single balance weight is 
sufficient to make the points M and S (Fig. 4) coincide and to 
cut out the vibration both in the horizontal and the vertical 
directions. 

In simple cases of balancing, one can determine whether the 
machine operates below, at, or above the critical speed. This 
then immediately gives a clue about the angle ¢ between the 
unbalance and the high spot 7’ (which ean be found, roughly, by 
seribing, or more accurately, with balancing instruments). 

One might define, in general, a critical speed, as a speed at 
which the vibration due to a given unbalance is a maximum. 
Machines operating at or near a critical speed are very sensitive 
to small deformations in the rotor and it may be impossible to 
secure smooth running under all operating conditions. In such a 
case, it may be desirable to change the vibratory system (rotor or 
stator) to get the running speed away from the critical speed. 


Sratic UNBALANCE 


On a single disk, one could remove the unbalance by putting 
the rotor with its two ends on horizontal parallel rails, Fig. 8. 
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It will roll on the rails until the center of gravity reaches its 
lowest position. Corrections are made until the disk will stop 
in any position. Any rotor which can be balanced completely 
by such a static test is said to have “static unbalance” only. 


Rorors Wirs Distriscutep Weicut; Dynamic UNBALANCE 


On long cylindrical rotors with distributed weight, a correc- 
tion of “static unbalance’’ alone is not sufficient, that is, there 
may be unbalances on opposite sides of the rotor in different 
planes, Fig. 9. These may be located so that the center of 
gravity of the body would still be on the center line, and, in this 
case, a Static test would not reveal anything. In this particular 
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case, the exciting forces create a couple on the rotor, and the 
rotor is said to have “dynamic unbalance.” 

(a) Solid Rotors. As long as the rotor is “solid,” i.e., as 
long as it does not deform under the effect of unbalanced masses, 
it can be completely balanced for any speed by corrective weight 
in any two designated ‘balancing planes.” This is true, whether 
the rotor is supported in stiff or flexible bearings. It also holds 
true in the idealized case of a rotor with a heavy solid center 
part adjoining weightless flexible shaft ends, Fig. 10. 

In Fig. 10, let 1 and 2 be two arbitrary balance planes (planes 
in which corrective weight can be put in or taken out). Then 
any exciting force mbw* caused by an unbalance m at any point 
of radius b can be offset by two exciting forces from masses my, 
and m, in the planes‘1 and 2 by making 


_ bb Lb 
m = m lb, 

Thus the effect of any number of unbalances m along the rotor 
can be corrected by masses in the balancing planes. In each 
plane these masses can be replaced by a single mass at their 
center of gravity or by a reduced mass at a larger radius, if de- 
sired. 

(b) Flexible Rotors. The assumption of a solid rotor, i.e., 
one that does not deform under the effect of unbalanced mass, 
is justified for speeds far below the critical speed of the rotor itself. 
But generally at speeds above, say, '/: the critical speed, this def- 
ormation can no longer be neglected, since it causes a secondary 
unbalance, which may be more important than the original 
unbalance. 

As an example‘ consider a straight shaft of uniform cross sec- 
tion with a single unbalance m in the middle, Fig. 11. 

Let the balance planes 1 and 2 be at 1/6 from each end. The 
bearings are taken to be rigid. 

At very low speed (rigid rotor), perfect balance can be obtained 
by adding '/2 (m) in each plane on the opposite side of m and at 
the same radius b, Fig. 12. At the first critical speed of the rotor, 
the inertia forces and elastic forces are large compared with the 
exciting forces from unbalance. When we go to the limiting case 
of a rotor with infinitely small damping, the configuration of the 
rotor is determined solely by the inertia forces and the elastic 
forces. The deflection of the rotor is then the same as that of a 
vibrating bar of uniform cross section, namely, a sine curve. If 
the shaft amplitude at m is r, the shaft motion at the balance 
planes is found to be r/2, Fig. 13. 

The energy put into the vibratory system by the unbalance m 
at the center of the shaft during 1 revolution is (Fig. 5). 


(Prsin = 2x(Mw's)rsin a = 2xrw* Me sin = 2xrmw*dsin ¢ 
At resonance, with ¢ = 90 deg, this input energy becomes 
E = 2 xrmw*d 


The balance weights m* (taken again at the radius 6b) should be 
chosen so that they by themselves would induce a deflection 
equal but opposite to that caused by m. That means that the 
energy which they would supply and which is 


2 (2 :) m*w% 


each revolution, should equal EZ. This yields m* = m; each of 
the correction weights should be made fully as large as the origi- 
nal unbalance and should be put on the opposite side of the rotor. 

At the second critical speed, Fig. 14, the unbalance happens 
to be at a node, r = 0. Hence the exciting force from m cannot 


4 Bibliography reference (5), p. 253. 
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supply any energy to maintain a vibration. No corrective weight 
is required. 

This example shows clearly how any combination of balance 
weights which corrects the vibration of « flexible rotor for a cer- 
tain speed is good for that speed only. 

Actual machines running at their operating speed are usually 
very complicated systems. Not only do the bearing supports 
have a different flexibility in the horizontal than in the vertical 
direction, but the stationary parts themselves have mass as well 
as flexibility. Such cases can be approximated only by taking 
into account a large number of degrees of freedom. 


RAYLEIGH’s THEOREM 


Lord Rayleigh® derived a reciprocal theorem which is often 
useful in analyzing complex cases. 

If a force P cos wt acting on a linear* system at point 1 produces 
a motion d cos (wf — ¢) at point 2, then the same force acting at 2 
will produce the same motion d cos (wt — ¢) at 1. The deflec- 
tions are measured in the direction of the forces, Fig. 15. 

Thus there is a reciprocal relation between forces and motions 
at two points, and the phase angle ¢ between force and motion 
stays the same. The exciting force P resulting from an un- 
balance m at a radius 6 is mbw*. 

Using Rayleigh’s theorem, and knowing the effect of an un- 
balance at point 1 on the vibratory motion at point 2, we can at 
once predict the motion at 1, caused by an unbalance at 2. 

For example, on the 
shaft shown in Fig. 13 
unbalance m at the cen- 
ter produces a motion ‘ 
r/2at the balance plane. 2 i 
Then the same weight ~~ cos (wt-¢) | 

' +> 

| 
‘ 

' 

| 


Pcos wt 


m inserted in one balance 
plane will give rise to a 
motion r/2 at the center, 
and it takes one full 


— — - 


weight m in each bal- Pcos wt 

ance plane to produce a , 
motion r at the center, 4 

offsetting the vibration acos (wt-¢) 
caused by the original terial 


unbalance. Fie. 15 


5 Bibliography reference (1), p. 152. 
® See under ‘‘Field Balancing.” 


@ 


| 
m 
= 
Fia. 11 
b m 
Fic. 12 
m 
m* m* 
Fie. 13 
| 
| 
tk 
A 
Je 
Jc 
of 


Deflections and Moments for Rectangular 


Plates With Hydrostatic Loading 


By DANA YOUNG,! AUSTIN, TEXAS 


INTRODUCTION 


Rectangular plates subjected to a linearly varying transverse 
hydrostatic pressure occur in various engineering structures, such 
as the walls of rectangular tanks and flumes, buttressed dams 
and retaining walls, and ship plating. Such plates may be 
analyzed by the ordinary theory of bending of plates (1),? pro- 
vided the plate is isotropic, of uniform thickness which is small 
compared with the other dimensions; that the deflections are 
small compared with the thickness of the plate; and that the 
stresses do not exceed the proportional limit. 

Calculations based on this theory have been given for plates 
with certain edge conditions and subjected to hydrostatic pres- 
sure. It is the purpose of this paper to add to these data by pre- 
senting the results of calculations for the deflections and moments 
in a rectangular plate which is free at one edge and rigidly 
clamped or fixed along the other three edges. For comparison 
and convenience of reference, the corresponding values for 
plates with some other edge conditions are included. In all 
cases the transverse load on the plate is a distributed load which 
varies linearly from zero at one edge to a maximum intensity at 
the opposite edge, as shown in Fig. 1. 
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Fie. 1 Dimensions, Co-OrpINATES AND LOADING 

The calculations required are rather lengthy because of the 
slow convergence of the trigonometric series used in obtaining a 
solution of the differential equation of bending. While special 
techniques were adopted to expedite the computations, no 
essentially new methods were used and so discussion of the theory 
and procedure will be omitted. 


NOMENCLATURE 


The following nomenclature (see Fig. 1) is used: 


z,y = rectangular co-ordinates in plane of plate. The origin of 
co-ordinates is taken at the center of the edge along 
which the load intensity is zero 

a = length of plate in z-direction, in. 

b = length of plate in y-direction, in. 

1 Department of Applied Mechanics, University of Texas. Mem. 

A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until one month after final publication of the paper itself in the 
JOURNAL OF APPLIED MECHANICS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


h = thickness of plate, in. 

E = modulus of elasticity of plate material, psi 
v = Poisson’s ratio 

N = Eh3/12(1 — v?) = flexural rigidity of plate 


M,, M, = bending moments per unit length of plate (in-lb per in.) 
on sections perpendicular to the z and y axes, respec- 
tively, taken as positive when producing compressive 
stresses on the face upon which the load acts 

p = intensity of load at base y = 6, psi. The load in- 
tensity at any point is given by yp/b 
6 = deflection of plate, in. 


6 
a = ——. = deflection coefficient 
pb*/N 
8 = — = moment coefficient 
pb? 


The edge conditions are designated by the symbols, F for a free 
edge, S for a simply supported edge, and C for a clamped edge. 
Each plate is designated by three of these letters; the first indi- 
cates the edge condition at the top of the plate where y equals 0, 
the second indicates the type of support along the edges z equals + 
1/,(a), and the third indicates the condition at the base y equals 
b. For example, the designation FSC for a plate means that it is 
free along the edge y equals 0, simply supported along z equals 
+1/.(a), and rigidly clamped along the edge y equals b. 


Piate Wits ONE Epce FREE AND THE OTHER EpGEs CLAMPED 


The results of the calculations for a rectangular plate (desig- 
nated by letters FCC) which has a free edge at y equals 0 and is 
rigidly clamped at the edges z equals +'/,(a) and y equals b, and 
which carries the transverse load, indicated in Fig. 1, are shown in 
Figs. 2 to 7, inclusive. In each figure, curves are given for three 
plates having length-to-width ratios b/a equal to 1.0, 2/;, and 
1/,, respectively. Poisson’s ratio was taken as zero in the calcu- 
lations. The square plate, for which b/a equals 1, was also 
calculated using Poisson’s ratio equal to 0.3. The greatest 
difference in edge moments for this case compared to the case in 
which v was taken as zero was found to be 2.8 per cent, and for 
most of the moments the difference was less than this amount. 
In view of these small differences, it seemed permissible to neglect 
Poisson’s ratio for the other plates. 

The deflections of the plate along the vertical center line x 
equals 0 are shown by the curves, Fig. 2. It is interesting to note 
that for the square plate the maximum deflection occurs approxi- 
mately at y equals '/2(b), while for the other plates the maxmum 
deflection is at the upper edge y equals0. The distribution of the 
moments M, and M, along the vertical center line is shown in 
Figs. 3 and 4; the moments M, along the edges z equals +1/,(a) 
in Fig. 5; the moments M, along the base y equals 6 in Fig. 6; 
and the moments M, along the line y equals '/,(b) in Fig. 7. 

The method followed for the calculations is an adaptation of 
Timoshenko’s superposition method and has been described in 
reference (2). This same problem has been discussed by other 
investigators. A. Smotrow (3) solved the problem by means of 
difference equations using a network of 36 rectangles. His calcu- 
lations include three different length-to-width ratios, namely, 
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Values of y 
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y 


Fie. 4 Moments M, = f2:pb? AtonG CENTER LINE x = O FOR 
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b/a equals 1.5, b/a equals 1.0, and b/a equals */;. Smotrow’s 
results agree in a general way with the data given herein, although 
some of his edge moments are 10 to 20 per cent lower. It is be- 
lieved that this is due to the relatively coarse network which he 
used for his difference equations. 

An approximate mathematical solution has been proposed by 
H. Marcus (4), who carried through the analysis for the case of a 
plate with b/a equals '/:. He found a maximum edge moment of 
0.082 pb’, as compared to 0.086 pb? given herein, but the moments 
at other points do not agree so well. The case of a square plate, 
b/a equals 1, has been solved by T. P. Cheng (5), using deflection 
functions with arbitrary constants which are adjusted to satisfy 
the boundary conditions at a number of discrete points. His 
results check the values in this paper for b/a equals 1 very closely. 


Maximum DEFLECTION 


The variation of the maximum deflection with the length-to- 
width ratio b/a is shown in Fig. 8. For purpose of comparison, 
the deflections for other plates with the same loading but different 
edge conditions are plotted in the same figure. Data for the plate 
SSS which is simply supported along all four edges were taken 
from reference (1), and for plate FSS from reference (6). The 
curves for plates SCC and CCC, which were drawn from data in 
reference (7), give the deflection at the center of the plate which 
may not be quite the maximum. The curves for plates FSC and 
FCC were plotted from the calculations made for this paper. 


Moments 


In Fig. 9, the negative moment at z equals 0, y equals }, is 
plotted against the length-to-width ratio b/a for plates FSC, 
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FCC, SCC, and CCC. For all these plates, this moment is the 
numerically maximum moment and, hence, is the value which 
would govern the design. For comparison, the maximum posi- 
tive moments which would govern the design for the simply sup- 
ported plates FSS and SSS are shown on the same graph by the 
dashed curves. We observe that for b/a less than about 1.5, the 
negative moments for plate FCC are greater than the positive 


0.012 T 
FSS 


FSC, | 
0.010 


0,008 


0.006 oe 


0.004 


Deflection Coefficient o< 


0.002 


to) 0.5 1.0 b 1.5 2.0 
Ratio 


4 
Fie.8 Maxmum DEFLecTION 6 = a ror PLates Hypro- 


sTATIC LOADING AND Various EpGr ConpiITIONs 


a3 
bi} 
a2 
002+ —_ 2-2 
0.01 | 
so fe) — a7! 
b 3b $b 
m 
pl: 
sir 
un 
els 
ms 
sk 
ell 
FCC | 
Sss | | 


YOUNG—DEFLECTIONS AND MOMENTS FOR RECTANGULAR PLATES WITH HYDROSTATIC LOADING A-231 


0.18 


0.16 


0.14 


0.12 


0.10 


0.08 


0.06 


Moment Coefficient (3 


0.04 


0.02 


1.0 15 2.0 


b 
Ratio 


Moments My = —fpb*arz = 0,y = b, CENTER oF Base, 
FoR PLates FCC, FSC, CCC, anp SCC 


(The two dashed curves are maximum positive moments M = §8pb? for 
plates FSS and SSS.) 


moments for plate FSS. This indicates that the clamped-edge 
plate will have higher bending stresses than the same plate with 
simply supported edges; a similar result has been noted before for 
uniformly loaded plates.* However, the deflection of the 
clamped-edge plate is less than for the simply supported plate, as 
may be seen in Fig. 8. 

The maximum negative moments along the edges z equals 
+1/,(a) are shown in Fig. 10. The location of this maximum 


3 Reference (1), p. 209. 
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along the edge varies with the ratio b/a. For plate FCC, this is 
shown by the curves, Fig. 5, from which we observe that for b/a 
equals 1 the maximum occurs at about y equals '/:(b) while for 
b/a equals !/, the maximum moment occurs at y equals 0. 

Data for plotting the curves in Figs. 9 and 10 were taken from 
the same sources referred to in the preceding section with the 
addition that moments for plate SCS were tak2n from reference 
(1). Assistance in performing the calculations for this paper was 
provided by a grant from the Research Institute of the Uni- 
versity of Texas. 
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Errata 


HE following corrections should be made in the list of ‘‘Ameri- 

can Standard Letter Symbols for Concepts in Mechanics of 
Solid Bodies,” published under Design Data in the June, 1943, 
issue of the JouRNAL oF ARPLIED MECHANICS: 


Density, mass per unit volume = p 
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Discussion 


Long Continuous Columns' 


MarsHaLt Hott.? This is a very interesting paper on the 
strength of continuous columns, but the author has failed to point 
out that there are discontinuities at the end points of some of the 
curves in Figs. 2, 3, and 4. With the assumption that the guides 
offer no restraint to angularity and with two guides zero distance 
apart, the effect of two guides should reduce to that of only one 
guide. Therefore, for Case 1 of Fig. 2, there are discontinuities 
in the curve, so that at 7 = 0 andj = 1 the value of 8 is equal to 
x. Itis true that, when differs from these values by only a small 
amount, the effect is a fixation of that point. Similarly, in Case3 
of Fig. 3, with j equal to zero, the value of 8 is 9, as in Case 3 of 
Fig. 2 with j equal to 0.5. 


S. Sercev.’ Many cases of continuous columns have been 
solved and some published by the writer.‘ The final results 
of three cases of practical importance are presented for considera- 
tion. The columns have constant and equal flexural rigidity in 
both segments, i.e., u = J,/7, = 1. Otherwise the figures are 
self-explanatory. 

In Fig. 1 of this discussion, it is seen that for simultaneous in- 
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cipient buckling in both segments, for u = 1, a/L = 0.5; for 
u #1,a/L=1/(1+ Vu). Fora/L ratio, depicting simultane- 


1 By F. G. Switzer, published in the December, 1942, issue of the 
JOURNAL OF APPLIED MEcuHANtICcs, Trans. A.S.M.E., vol. 64, p. A-189. 

? Research Engineer, Aluminum Company of America, Aluminum 
Research Laboratories, New Kensington, Pa. 

3 Civil Engineering Department, University of Washington, 
Seattle, Wash. 

* “Buckling Criteria and Design of Two-Story Columns,” by 8. 
Sergev, Engineering Experimental Station, Bulletin No. 101, Univer- 
sity of Washington, Seattle, Wash., Oct., 1940. 


2.0 


@ 
mec 


1.0 
y/ 
0.6 
| HEP | +t 
| | | 
0.2 o— ROOTS T—ROOTS 
0.0 0.2 0.4 0.6 0.8 40 
RATIO t 
Fig. 2 


ous buckling in both segments, in Figs. 2 and 3, for different val- 
ues of u, the reader is referred to the paper cited.‘ 

The writer has long contended that in the absence of more 
scientific researches, the design of slender and most intermediate 
slender columns, which do or do not come under the classification 
of the Eulerian column, can be made by using a factor F to pre- 
clude buckling, varying from 1'/; to 3. (This is not a factor of 
safety as usually defined.) Thus, to design a column, we let the 
critical or buckling load, Pa = F(Pactua), obtain the size on the 
basis of Per, and contend that the column will not buckle under 
the actual load; in the meantime keeping the actual unit stress 
within the limits of proportionality. Of course, there are many 
difficulties as twisting, local crippling, shear effects, and initial 
curvature confronting one in design and analysis of columns. 

It is gratifying to know that engineers are seeking, if not the 
ultimate, then semiscientific answers to the problems con- 
fronting them and not resorting to empirical rules. In that 
respect this paper, so concisely presented, constitutes a con- 
tribution to the general engineering knowledge. The labor in- 
volved in determining the smallest useful roots depicting buckling 
criteria is not to be underestimated. The writer believes it would 
be interesting if the author would describe the method he used in 
finding the smallest useful roots satisfying the theoretical equa- 
tions. If he has found a rapid way, that in itself would be a con- 
tribution. 
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| fi | a point P of a conical shell is a polynomial of / and of 1/l, being 
4544 1 P=-R the distance of P from the cone vertex, a particular solution of 
. f bb the equations of the shell (Equations [12] of the paper) is ob- 
4.4 2 t® tained by putting the auxiliary functions V and U in the form of 
~ oF ide vi polynomials of | and 1/l. The coefficients of these polynomials 
43K “ireR are then determined by a known method of the theory of differ- 
t ential equations. 

% 42 RE The case treated by the author is a simple and important ex- 
v a on A ( ample of this type of body force. It shows the ereat amount of 
2 lj j 4 | computations that must be expected even in a relatively simple 
} uUsl problem, if one has to apply the theory of shells. In this connec- 
Ma -— Hf | | tion a book and a paper on conical shells by E. Orabona*:‘ may be 
8 39 mentioned, in which asymptotic expressions of all quantities oc- 
a | = curring in the theory are put in convenient form for numerical 
5 3.8 calculations. These expressions concern the homogeneous part 
he Aof of the problem (zero body forces) and they hold only when the 
$3.7 4 minimum value of / is sufficiently large with respect to h tan a 
ee y where h is the thickness of the shell and 2 a is the cone angle. 
“3.6 i) Orabona states in his book and in his paper that he computed 
< me ae tables, based upon those asymptotic expressions, which would 
> 3.5 ] | simplify the calculations of truncated-cone shells. To the knowl- 

ae ri ti to hy 4° edge of the writer these tables have not been published. 
+ } A 1 E. O. Waters.’ The most important fact brought out by this 
3.3 3 VA | 1 \ | | a paper is that the rotating conical shell behaves substantially like 
32 | , a thin membrane up to cone angles of about 65 deg, beyond 
VA | | ye yy oa r | | which point there is a change of stress distribution, at first gradual 
3) | 7 a 8 = but later abrupt, to that for a rotating flat disk. In other words, 
rT conical shells with cone angles less than 60 deg may for a first 
3.0 rT [| Lk approximation be considered as made up of narrow concentric 
0.0 Pag hoops, rotating at the same angular velocity but quite inde- 
RATIO 7 pendent of each other for mutual support. This is true not only 
Fie. 3 for the free-free truncated cones but for the fixed-free full cones 


AvUTHOR’s CLOSURE 


That discussion to a paper which will be only occasionally 
useful has been offered, is a compliment. Thanks are due to Mr. 
Holt for pointing out the discontinuities existing at the ends of 
certain curves. In practice these ends of the curves would not 
be used. 

To answer Mr. Sergev’s request at the end of his discussion, 
solutions were worked out in terms of the factor a@ (see Fig. 1). 


For the values of Fig. 1, the solutions are of the form tan < = ; . 


Placing a = 2(n + 1)x — A, where A is a small correction, the 
tangent term may be expanded as a series which, for small A, 
is rapidly convergent. Two terms of the expansion sufficed. 
For Figs. 2, 3, and 4, the solutions all appear as two functions of 


1 
a. These are | — csca) and (Z cota) By plotting curves 
a 


a 
of these functions and three other curves of certain combinations 
of them, values could be quickly ascertained. Calling the first of 
the functions A and the second B, the three combinations 
were B + A, (A? — B*) + A, and (A? — B*) + B. The illus- 
tration of Mr. Sergev’s Fig. 2 might show up better if it were 
drawn for a value of a quite different from L/2. 


Stresses and Displacements in 
a Rotating Conical Shell’ 


I. Opatowsk1.? It is known'* that, if a body force acting at 


1 By J. L. Meriam, published in the June, 1943, issue of the Jour- 
NAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 65, p. A-53. 

? Armour Research Foundation, Chicago, Ill. Mem. A.S.M.E. 

*“Calcolo delle piastre a doppia curvatura,” by E. Orabona, 
Gius. Laterza & Figli, Bari, Italy, 1929. 


and truncated cones as well, where the fixity at the apex end seems 
to introduce no appreciable longitudinal membrane stresses or 
critical bending stresses. 

The rapid alteration in the stress pattern that occurs between 

= 87 deg and a = 90 deg is accompanied by a diminution of 
the third term in the basic Equation [19] to zero, and as is usual 
in such cases, the exact state of all phenomena in this transition 
region is best found by a limiting process, which here amounts to 
substitution of the series expressions for Z in Equation [23), and 
then neglecting terms of higher order which approach zero as a 
approaches 90 deg. When this is done, an equation for N; is ob- 
tained in ascending powers of I/l2, of the form 

( um \*" 
\tan -) 


N, =a+n b, +7 
n=0 tan @ 
where 7 = [/l, and uw and a are defined by the author. Similar 
series may be obtained for Ng and M,, all of which converge 
rapidly when a is greater than 86 deg. 

Space limitations forbid the inclusion of the constants of these 
equations in this discussion, but the writer has worked them out 
for the full cone with A = 1/20, » = 0.3 and has plotted the re- 
sults in Fig. 1 herewith. The rapidity with which these stresses 
shift their values over a 3'/:-deg change in cone angle is quite 
remarkable. As may be seen, the ordinates at the left boundary 
of Fig. 1 (a), (0), and (c) correspond with the values shown by 
Meriam in Fig. 7(a) of the paper, while those at the right bound- 
ary coincide with the results from the simple flat-disk theory. 


eo 


n=0 


‘Note applicative sul calcolo delle piastre coniche,’’ by E. Ora- 
bona, Ingegnere, vol. 4, 1930, pp. 606-616, 662-671. 

5 Associate Professor of Mechanical Engineering, Yale University, 
New Haven, Conn. Mem. A.S.M.E. 
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AUTHOR’s CLOSURE 


Reference to the work of E. Orabona,’ cited by I. Opatowski is 
appreciated and may prove valuable for further conical-shell com- 
putations. 

The rapid change in the rotating-cone stresses in the neighbor- 
hood of a = 90 deg was noted but was not investigated in detail. 
The author is very much indebted to E. O. Waters for his discus- 
sion of this interesting stress behavior and for the results shown in 
his Fig. 1 (a), (b), (c). The remarkable rapidity of change in 
stress between 80 and 90 deg is further illustrated in Fig. 2 of 
this closure, where the rim and apex hoop stresses are plotted 
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against various cone angles for the complete rotating cone. This 
plot gives a maximum stress of 0.7pw*/*, for a = 70 deg. This is 
1.7 times as great as the maximum hoop stress which exists at the 
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center of a flat rotating disk, and 3.9 times as great as the rim 
hoop stress in the same disk. 

The departure of the membrane theory from the exact theory 
for a > 60 deg in the rotating conical shell and the negligible dif- 
ference between the various boundary conditions considered, both 
discussed by E. O. Waters, may be clearly seen from Fig. 8 of the 
paper. 


Harmonic Analysis of a 
Hooke’s Joint Motion’ 


H. Poritsky.? The author’s treatment of the Hooke’s joint 
problem is a useful addition to the analysis of stresses which may 
be expected to occur in the use of such a joint, enabling one 
to carry out the true evaluation of endurance tests utilizing such 
joints. 

In the writer’s opinion, the paper is an illustration of the fact 
that kinematical research in English-speaking countries, while 
not so vocal and so prolific in papers as in Germany, is neverthe- 
less very much alive, in spite of the ery of distress that has been 
recently raised about it. A recent, very excellent, English text 
by W. Steeds’ is a further illustration of this fact. 

In kinematics various ideal conditions are assumed, such as 
truly rigid bodies, ideal zero-clearance bearings, no lost motion, 
etc., which are not always satisfied in practice. In particular, the 
computed accelerations for a Hooke’s joint and their harmonics 
might have to be tempered in practice by elastic deflections of 
the shafts and cross-members due to the variable torque trans- 
mitted. Lost motion caused by loose fits may be expected if there 
is reversal of torque. The latter does not occur in the present 
case, but the elastic deflections of members of the Hooke’s joint 
and a slight effect due to finite joint clearances do affect the 
motions. The analysis of these factors in the present and similar 
kinematic problems constitutes an interesting though difficult 
task. 

Drawing a sphere of directions from the point of intersection 


1 By F. A. Hiersch, published in the June, 1943, issue of the Jour- 
NAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 65, p. A-76. 

2 Engineering General Department, General Electric Company, 
Schenectady, N. Y. 

“Mechanism and Kinematics of Machines,’ by W. Steeds, Long- 
mans, Green & Co., New York, N. Y., 1940. 
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DISCUSSION 


of the two shafts, the Hooke’s joint motion may be visualized as 
the motion of a point A over a great circle normal to the driving 
shaft and of a point B over a different great circle, normal to the 
driven shaft, the angular distance AB being a right angle. The 
effect of the variable speed of B and the resulting variable 
torque on the driven member shows up as slight deviations in the 
motions of A, B and as a variation of the angle AB. In particu- 
lar, the elastic deflection of the driving and driven shafts and 
their forks yield deflections of A and B in their own circles relative 
to the rotors attached to the shafts, while the elastic yielding of 
the cross-member makes the angle AB deviate slightly from a 
right angle, the deviation in every case being proportional to the 
load or torque carried by that member. 


E. O. Waters.‘ The author has presented an interesting 
paper which should be of value to users of mechanisms having 
Hooke’s joints, in which the possibility of torsional vibrations 
may have to be considered." However, the writer fails to see 
what, if any, value attaches to the series expressions for the vari- 
ous maxima, when it is highly practicable to compute them di- 
rectly by the appropriate formulas. At the same time, the cor- 
responding values of 6, for which the author gives no formulas 
or tabulations, although they are essential to Equations |2] and 
[9] of the paper, are easily obtained. For example 


l—n 
@ for dmax = sin~! 


bmax = sin=! n 
for dmax = 0 


bmax _ _2n 
w 


1+ 2n 
4n + 3) il} = 


4 n(1 n?) sin 2 6; 
—w? (1 +n? —2ncos 26)? 


(as given by the author) 


6 for dmax = 3/2 cos} 


4n(1 — n?) 
It may be shown that this last formula approaches “ey 
for small values of n. This simple approximation is valid for 
a € 45 deg with an error of not more than 3 per cent, and is more 
nearly accurate than the author’s Equation [10]. 


AutTuor’s CLOSURE 


H. Poritsky brings up a very interesting problem in the kine- 
matics of members affected by elastic deflections. It is to be 
hoped that our literature in kinematics may soon be enriched 
by solutions not only of this but also of similar problems the 
answers to which have not been provided by even the more 
“vocal” sources. 

E. O. Waters has added useful formulas and equations. Addi- 
tional and some similar material may be found in works by 
Steeds,® Wilson, and elsewhere.” 


4 Associate Professor of Mechanical Engineering, Yale University, 
New Haven,Conn. Mem. A.S.M.E. 

5 Ref. 3, chapt. 20. 

6 “Practical Solution of Torsional Vibration Problems,” by W. Kerr 
Wilson, John Wiley & Sons, Inc., New York, N. Y., vol. 2, second 
edition, 1940-1941, p. 284. 

7™“Velocity and Acceleration Analysis of Universal Joints,” 
Machine Design, vol. 14, Nov., 1942, pp. 93-94. 
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The Center of Shear Again’ 


R. D. Specur.? As the author points out, careless statements 
about the rotation of a clamped beam have led to some confusion 
in the problem of flexure with shear. It is hoped that the follow- 
ing elementary considerations may be of interest. The paper will 
first be discussed in the light of the motion of the beam as a 
rigid body and the local rotation w,; an alternative definition of 
the center of flexure will then be treated. 

When an elastic body is deformed, the neighborhood of any 
point is subjected not only to a strain characterized by the 
strain components 


ou 1 / ov + ou 
oy 
but also to a local rigid-body motion determined by the rota- 
tion components 


It should be noted that both the components of local rotation 
and those of strain vary, in general, from point to point of the 
body. In the particular case of a deformation given by the dis- 
placement components 


u = 
v = + rx — pz 
w = wo— py 


we have w, = P, w, = q, w, = 7, and it is evident that in this 
case the rotation is not purely local but corresponds to a motion 
of the entire elastic solid as a rigid body. The constants wo, 
Vo, Wo, P, J, T May, in the Saint Venant problem of beams, be de- 
termined by the conditions of fixity imposed at the clamped end 
of the beam, say 


ou Ov Ov 
= =90 
oz Oz ox 
where these conditions are to be satisfied at any chosen point 
(x’, y’, 0) on the fixed end, z = 0. (Rotation about the z axis 
is here measured from the fixed end of the beam.) These condi- 
tions lead, in the case of torsion of a cylinder, to the displacements 


up = —Oz(y— yy’), vr = — 2’) 


which show, as the author points out, that any line z = 2’, 
y = y’ may be taken as the axis of rotation. It can be shown, 
although it is not immediately evident, that different choices of 
the axis of rotation yield the same displacement w and the same 
stress system. 

In the problem of bending by a terminal load, the z component 
of the local rotation is 


+ 
= 02 + 


This gives the angle through which each element of area of a 
cross section is rotated in its own plane. With the author’s 
choice of r = —lé, this rotation component vanishes on the plane 


1 By W. R. Osgood, published in the June, 1943, issue of the 
JOURNAL oF AppLiEeD Mecuanics, Trans. A.8.M.E., vol. 65, p. A-62. 

2? Instructor in Mathematics, University of Florida (on leave); 
Associate Mathematician, David Taylor Model Basin, Bureau of 
Ships, Navy Department, Washington, D. C. 

3‘*Mathematical Theory of Elasticity,’”’ by I. S. Sokolnikoff 
(mimeographed notes) published by Brown University, 1941, p. 113. 


Ca 
= 
: 
at 


A-236 JOURNAL OF APPLIED MECHANICS 


EI 
x = Zp where Zp, as defined by the author, equals = . This leads 
v. 


to the author’s definition of the flexural center. 

The definition of center of flexure proposed by the author in- 
volves essentially the local rotation w, and the constants of inte- 
gration Uo, Vo, Wo, P, g, r Which represent the motion of the entire 
beam as a rigid body. We now discuss an alternative definition 
which suggests itself quite naturally, and which was given by 
Stevenson.‘ In this definition the position of the flexural center 
is independent of any rigid-body motion of the beam and hence is 
independent of the particular choice of the constants uo, p,. . .; 
such rigid-body motion contributes nothing to the stress system. 

The following considerations apply to the general problem of a 
beam loaded by any force (F,, F,, 0) lying in the plane of the 
free end, z = l, and acting at the “load point” (xo, yo, ). The 
x and y axes are any (not necessarily principal) perpendicular 
axes at the centroid of the fixed end, z = 0. We define the “local 
twist” at any point to be ot The local twist measures the rela- 
tive rotation of neighboring cross sections of the beam; a non- 
vanishing value therefore corresponds to an elastic deformation 
of the cylinder. The mean value of the local twist over any sec- 
tion (or, equally well, the value of the local twist at the centroid 
of the section) is just the constant 6. 

The form of the expressions for the stresses suggests that the 
general flexure problem be resolved into two simpler problems: 

(a) A simple flexure problem in which @, the mean local twist, 
is set equal to zero. The position of the load point (xo, yo, 1) 
corresponding to this stress distribution is then determined by 
the condition that 

SS (try YT ez) dxdy = yo, 
must hold for arbitrary F, and Fy. The load point determined by 
this condition is called the ‘‘center of flexure” and is denoted by 
(Lez, Yer, ). (6) A torsion problem with a twist @ due to a couple 
of moment F,,( 2% — — Yes)- 

We thus think of the load (F,, F,, 0), acting at the load point 
(xe, yo, 2), as being replaced by an equal load at the center of 
flexure (x, ¥-7, 1) and a couple that arises from the displacement 
of the actual load point from the center of flexure. The solution 
of the general flexure problem is then derived by superposition of 
the solutions of these two simpler problems. 

In connection with the flexure of a beam of semicircular sec- 
tion, discussed by Timoshenko, the author, and others, it should 
be noted that the vanishing of the mean local twist @ implies the 
vanishing of the local twist dw,/d0z not at the center of the circle 
but at the centroid of the semicircular section. 

To summarize, the center of flexure may be defined by the rela- 
tion 

SS — = — 
wherein we put @ = 0 in the expressions for the shear stresses 
Tex and Tey: 


The Distribution of Strains in 
the Rolling Process’ 


J. H. Hircucocx.? The authors merit congratulation for this 


4“Flexure With Shear and Associated Torsion in Prisms of Uni- 
axial and Asymmetric Cross-Sections,’’ by A. C. Stevenson, Philo- 
sophical Transactions of the Royal Society of London, series A, vol. 
237, 1938-1939, pp. 161-229. 

1 By C. W. MacGregor and L. F. Coffin, Jr., published in the 
March, 1943, issue of the JourRNAL oF APPLIED MECHANICS, Trans. 
A.S.M.E., vol. 65, p. A-13. 

2 Engineer, Morgan Construction Company, Worcester, Mass. 
Mem. A.S.M.E. 
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contribution to our knowledge of the rolling process, and for the 
interesting technique which they have developed and applied to 
such good advantage. 

It is particularly interesting to note the strains which arise in 
the bar far ahead of the region where the rolls are in contact with 
it. Roll designers have known from examination of cobbles that 
the deforming influence of the mill rolls extends beyond the 
region of actual contact, as evidenced by the rounded corner 
which invariably is found between the surface of the entering 
bar and the deformed surface which conforms to the outline of 
the roll. This rounded corner is also shown clearly in the au- 
thors’ illustrations. However, the lacquer cracks, shown in Fig. 
1 (d) of the paper, extend much farther ahead of the region of 
contact than the writer would have expected. If the rolling were 
done at extremely slow speed for photographic convenience, this 
perhaps would extend the region of preliminary deformation 
farther than would normally be the case. Would the authors 
mind stating the speed at which their experiments were made? 

The authors’ illustrations show clearly the manner in which 
deformation proceeds under the particular conditions prevailing 
in these tests. In the earliest stages of contact, deformation 
occurs only near the surface, and the center of the bar remains 
unaffected. This is shown especially well by the slight difference 
in light reflection in Fig. 3(a). In the intermediate part of the 
contact region, deformation penetrates into the center of the 
bar, while the portion near the surface, being restrained by surface 
friction, undergoes little additional deformation. At a slightly 
later stage, the center portion of the bar is driven forward to 
meet the need for elongation, while the portions near the surface 
are still restrained by surface friction. At the end of the contact 
region, Fig. 6 (a), the portions near the surface, which were re- 
tarded by friction, quickly overtake the center portion, resulting 
in a uniform distribution of axial strain throughout the height 
of the bar. It seems possible that some axial strain may occur 
beyond the point of final contact with the rolls, as a result of 
residual stresses existing in the bar at the point of final contact. 
The existence of such stresses can be accepted readily on the 
basis of known forces, but the illustrations in the paper show no 
conclusive evidence of strain occurring beyond the region of 
contact. Can the authors determine from any of their results 
whether strain occurs beyond the region of contact? 

The fact is well established that the distribution of deformation 
throughout the region of contact between bar and rolls is strongly 
affected by a number of factors, such as condition of roll surface, 
lubricant between bar and rolls, ratio of bar thickness to roll 
diameter, percentage reduction, roll speed, temperature distribu- 
tion within the bar, ratio of bar thickness to width, etc. The 
authors were well advised to eliminate these variable factors in 
their previous tests, as they would otherwise have been unable to 
produce consistent results and valid conclusions within a reason- 
able period of time. However, quantitative evaluation of the 
effects of these factors is still needed and can be obtained only by 
experimental work such as this or by observations made in actual 
practice. Will the authors continue their useful work, bringing 
other factors into consideration one by one? 


S. TrmosHenko.? The authors have made some very in- 
teresting experiments and have presented the results by curves 
showing how plastic distortions vary along the depth of rolled 
bars. It is desirable to supplement this work by a study of 
residual stresses caused by plastic deformation. These stresses 
can be calculated if we measure the elastic strains which occur 
during the cutting out of small elements from rolled bars. Natu- 


3 Professor of Theoretical and Applied Mechanics, Stanford Uni- 
versity, Stanford University, Calif. Fellow A.S.M.E. 
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DISCUSSION 


rally such wor}. will require a large number of very accurate strain 
measurements, but the results may be of great practical interest. 


W. Trrnj s.4 Now that we have the strains in rolling, or 
deformatiog:; as the man in the mill calls them, the question is: 
What are ye going to do with them? It is well known that when 
you roll ff th and back, the final deformation is less than if you 

; in the same direction. What we want to know is: 
reversal of rolling, compared to rolling in the same 
\@, make any difference in the condition of the material? 

If ong takes a steel wire and bends it in reverse direction about 
1000 tipres and then straightens it out, the total deformation or 
the tot,;.! strain is zero; and yet the material has become hardened 
and disintegrated to such an extent that a few more treatments 
of this sort would break it. This example is used to illustrate 
the problem: Does reversed rolling produce a better material 
than rolling continuously in the same direction? 

The authors may be able to enlighten us on this point. 


CLOSURE 


The authors are indebted to the various discussers for their 
interest in and their contributions to the subject matter presented 
in this paper. 

Mr. Hitchcock inquired as to the speed with which the rolling 
experiments were carried out. The speed reducer used enabled 
us to slow down the rolling operation to approximately 20 in. 
per min. This was done of course in order to facilitate the taking 
of motion pictures throughout the various runs. 

Referring to the possibility that some axial strain may occur 
beyond the point of final contact with the rolls as a result of resid- 
ual stresses as mentioned by Mr. Hitchcock, this effect would 
appear to be small and under normal conditions would be because 
of creep under a state of combined residual stresses. Since little 
creep would occur for the material used over a short period of 
time, this effect was not detected in the strain measurements 
conducted. 

The authors agree thoroughly with Prof. Timoshenko’s sug- 
gestion of a supplementary study of the residual stresses present 
in the rolled bars. It is their hope to continue these studies when 
conditions permit and to include in this program an investiga- 
tion of the residual stresses produced by rolling. 

As a future study, it is intended to investigate the effects of 
different sequences of,rolling on the physical properties of the 
material. A study of this sort should throw light on the question 
raised by Professor Trinks. 


A Principle of Maximum 
Plastic Resistance’ 


A. Napvai.? In this outstanding paper, the author derives a 
number of exact solutions of the equilibrium states of a perfectly 
plastic substance. He obtained these solutions by making use 
of the principles of the calculus of variation. These recent at- 
tempts of the author are commendable and they are particularly 
interesting to those who in the past have followed the inductive 
method for obtaining similar groups of solutions for plastic dis- 
tributions of stress. It will be observed that the solutions have 
a remarkable property which has not heretofore been noticed. 
The author has shown that for these solutions the external efforts 


4 Professor of Mechanical - gee i _Carnegie Institute of 
Technology, Pittsburgh, Pa. Mem. A.S.M.E. 

1 By M. A. Sadowsky, published in the June, 1943, issue of the 
JOURNAL oF APPLIED Mecnanics, Trans. A.S.M.E., vol. 65, p. A-65. 

2 Consulting Mechanical Engineer, Westinghouse Research Lab- 
oratories, East Pittsburgh, Pa. Mem. A.S.M.E. 
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under certain additional conditions which were mentioned in his 
paper become a maximum. Analogous facts are known in the 
theory of elasticity (in the theory of beams, or of plates, for ex- 
ample) with reference to extreme values of the potential energy 
of the external forces, of the internal forces, or of the sum of 
both. 

At the time the paper was presented, it seemed to the writer 
that according to the interpretation given by the author, one of 
the difficulties for deriving similar solutions was to be attributed 
to the complexity of the stress-strain relation for the plastic state 
of stress. The author mentions in his paper that he had achieved 
“statical determination” (quotation marks are added by the 
writer) by substituting for the plastic stress-strain relations the 
principle of maximum plastic resistance. 

More specifically referring to one of the examples which was 
treated in the paper, namely, to the case of the complete yielding 
of a cylindrical bar under the combined action of a torsion couple 
M and of an axial tension force P this case can very easily be 
solved directly. One purpose of this discussion is to demonstrate 
this fact. Use is being made ot the stress-strain relations in the 
form 


= 


in which e,, ¢,, «, are the plastic strains in the axial, radial, and 
tangential directions, ¢, is the normal stress, + the shearing 
stress, y the corresponding unit shear, and c the parameter. 

The first two equations state that the plane cross sections of 
the bar remain plane if e, = const, and that the dilatation is zero. 
Choosing the proportionality factors equal to c and 3c, respec- 
tively, in the expressions for the strains e and the shear y, satis- 
fies the further requirement that shears shall be proportional to 
the shearing stresses in all planes around any element of mate- 
rial. The equilibrium conditions for o, and r are satisfied. 
One further condition remains 


o,2 + 3r? = oo? const 


(oo yield stress for tension) which is the condition of plasticity 
and identical with Equation [3] of the paper. We have already 
used one geometric condition for this type of flow, namely, that 
plane sections remain plane, e, = const. A second geometric 
condition is 


expressing that cross sections turn by equal angle (@ = const) 
From Equations [1] and [3] of this discussion we note there- 
fore that 


Equations [2] and [4] of this discussion are determining the two 
unknown stress components a; and r from which one obtains 


go 3e, 


V3 + (5) 


Go 
T= 
V3 
for the plastic distribution of the stresses under combined tension 
and torsion.® 
It is perhaps advisable to state that the distribution just given 
represents the plastic flow in a round bar under the simultaneous 
action of a constant torque M and constant tension force P, or in 


+ 


other words, “the constant strain-rate test’? run under such a 


3 In the work of 1929, referred to by the author, a more general 
theory was developed, hence the more complex conditions which 
were encountered formerly. 
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combination of loads, since a steady flow was postulated. This 
is just one possible case of the many cases of combined tension 
torsion. 

The “rule of plastic flow,” quoted by the author, is another 
expression of the experimental facts which were expressed by the 
set of Equations [1]. They restrict the strains to a certain degree 
according to the plastic states of stress which cause them. 

It has been noted particularly by H. Hencky that in a number 
of special solutions for plastic states it is possible to obtain exact 
expressions for the stress components without making use of or 
needing the stress-strain relations. Hencky called these “stati- 
cally determined” cases. The writer does not favor this distinction 
between classes of problems because it is somewhat misleading and 
the danger is great that it may be misinterpreted by mathe- 
matical minds. 

It is true that in a few cases the equilibrium conditions, to- 
gether with the plasticity condition, are sufficient to determine 
the unknown stress components. This is the case if there are just 
as many unknown stress components as there are equations of this 
kind available. The writer can, however, imagine cases in which, 
in certain regions of the body, these conditions prevail while in 
other regions, for example, the displacement components or the 
strains are also to be considered. Some of these latter may be 
prescribed along the boundaries. The first type of solution would 
then have to depend upon the second ones and even the regions 
may not be determined in advance in which the plastic solutions 
must change their character. It is more satisfactory not to rely 
on this distinction but to consider the state of strain under a 
steady flow as closely related to the state of stress. The differ- 
ence between the behavior of a perfectly elastic and that of a 
perfectly plastic body is that, in the first case, the strains are 
uniquely defined by the stresses, while, in the second case, they 
are not fully determined. But they still have to satisfy a number 
of important requirements as just stated. 

In conclusion, a simple example will be given. Consider the 
plastic state of pure tension, ¢ = a) = const. The corresponding 
strains are of the form 


Usually we would assume that c is a constant parameter (not 
dependent upon the co-ordinates x, y, z). This is the case in a 
tensile test. But we can assume just as well for example 


€ = 


where c, = const. Nothing contradicts such an assumption 
This indeed would refer to the case of “pure bending” in the fully 
plastically deforming portions of such a bar. For the variable 
parameter c we can even choose a broad class of functions of 2, y, z 
having certain prescribed values in parallel strips within the ma- 
terial, while some of the values of c or of the displacements‘which 
would correspond to them in other portions of the body could 
well satisfy, for example, the conditions for the displacements in 
a rigid body. This leads us to a schematized theory of plastic 
layers of material (flow layers, Liiders’ figures), which although 
not yet completed, certainly is a possible extension of our con- 
tinuous cases of flow. The experimental evidence strongly sup- 
ports the assumption that the displacements in a plastic body can 
become discontinuous functions of the co-ordinates under certain 
conditions. 

We must admit to the mathematically trained minds when, 
in the past, certain solutions were found for some plastic states of 
stress that these had to be based upon a few simple geometric 
assumptions with regard to the strains which seemed very plausi- 
ble. This was the case in the example of the combined flow under 
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tension and torsion when the assumption without a proof was 
made that the strains e, = const, and that the shears y = 6r must 
be proportional to r. (These two assumptions could have been 
based upon excellent experimental evidence deduced from tests 
made with actual materials such as steel, but, for the “ideal” 
plastic substance they must be considered as ad hoc hypotheses.) 
Due to the undetermined character of the plastic strains, these 
steps may have appeared to some investigators as deus ex 
machina, but the principle of maximum plastic resistance which is 
substituted by the author of the paper for some of these relations 
or assumptions must admittedly be considered to belong in the 
same category, since it has not been based on general mechanical 
assumptions. 

It is hoped that the author will through his further efforts de- 
velop the still missing proof for the applicability of his variational 
principle or for the possible restrictions under which it can be 
used. 


W. Prager.‘ The author presents his interesting principle of 
maximum plastic resistance as a heuristic principle. The fact that 
in some test cases it furnishes results identical with those ob- 
tained by a more complete analysis of stresses and strains is con- 
sidered as a weighty argument in its favor. 

The following discussion aims at supplying the proof of this 
principle in the case of combined torsion and tension of prismatic 
bars. In so far as possible, the nomenclature used is that of the 
author. 

Assume the velocity components of the point z, y, z to be given 
by 


v, = wy2— CL, = v, = ww(z,y) + 2cz 


where the constants w and c denote the time rates of twist and 
elongation, respectively, per unit of length of the bar, and the 
function w(z, y) represents the warping of the cross section. The 
corresponding components of the strain velocity tensor are 


w Ow 1/ov, ov, 
Since «, + «, + «, = 0 the velocity components just given cor- 
respond to an incompressible material. 
The stress-strain relations for plastic flow® require that 
= : (e, — (6, — tg) tye Cay 


In the present case these relations are easily seen to be satisfied 


if 
ow 
a, = 6cu, ra rw 42) 


where pz is a function of x and y which must be determined so that 
the stress components fulfill the yield condition. 
Comparing the expression for o, with Equation [8] of the paper 


V/1 — (du/dz)? — (Qu/dy)?..... ... 


4 Professor of Applied Mechanics, Brown University, Providence, 
I 


6 “Plasticity,” by A. Nadai, McGraw-Hill Publishing Co., Inc., 
New York, N. Y., 1931. 
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Introducing the stress function into the expressions for r,, and 
Ty, and solving with respect to the derivatives of w, we obtain 
Ow k ou 


ow Ou 
Ox wu oY oy wu OL 


Elimination of w between these equations furnishes 


Ort ox oy k 


or, taking account of Equation [7] of this discussion 


1 — (du/dz)? — (du 
al Ou /dy =|+ 
Oy V1 — (0u/dx)? — (Ou/dy)? cV3 


With > = w/cV 3 this is identical with Equation [15] of the 
paper. In the case of combined torsion and tension of prismatic 
bars, the author’s principle is thus proved. At the same time, it 
is seen that this principle provides a short cut only to the funda- 
mental equation governing this problem, but not to the solution of 
this equation. 


0 


V. L. Srreerer® E. Sternspera’. The author’s intro- 
duction of the principle of maximum plastic resistance as a new 
basis for the solution of problems of plastic flow constitutes a 
radical departure of far-reaching implications from the differen- 
tial-geometric approach employed heretofore. “Maximum prin- 


ciples” have proved to be of value throughout the various . 


branches of mechanics. The new maximum principle in plas- 
ticity, the validity of which seems well established, although no 
formal proof is presented at the present time, represents more than 
an alternative tool for the analysis of problems previously solved. 
Indeed the principle of maximum plastic resistance points the way 
to the calculation of three-dimensional problems of combined 
stress in which the absence of symmetry prohibits the use of the 
classical system of equations. In this connection, the author’s 
remark on combined loadings including bending is of great inter- 
est. 

The writers wish to suggest that the principle of maximum 
plastic resistance can be applied to the limit design of machine 
parts under combined loadings, and that a feasible design formula 
can be derived without the use of the calculus of variations for the 
case of combined axial tension and torsion. 

As has been pointed out by the author, the basic question of 
the problem is answered by the relative diagram, Fig. 1 of the 
paper. For the foregoing combined loading, a “safe” relative dia- 
gram, which approximates closely the exact solution, may be 
arrived at as follows: 

For pure axial tension, Finax = AV 3 (k) where A is the cross- 
sectional area of the cylindrical bar. For pure torsion, Mmax = 
kfrdA. As a statically possible stress distribution it may be 
assumed that both the normal stresses and the resultant shear 
stresses are constant over the section, then 


F = Ao,, M = 1,frdA 
where o, and 79, are the constant stresses assumed. Hence 
F M TOs 
in 


6 Associate Professor of Civil Engineering, Lllinois Institute of 
Technology, Chicago, Ill. Mem. A.S.M.E. 

7 Instructor in Civil Engineering, Illinois Institute of Technology, 
Chicago, Ill. 
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Upon substitution of o, and 79, from the foregoing relations into 
the simplified condition of plasticity, Equation [3] of the paper, 
there results 


P+m=1 


The relative diagram represented by this equation is “safe” 
since by virtue of the principle of maximum plastic resistance the 
values of the external efforts consistent with the exact relative 
diagram must be in excess of those derived by the assumption of 
uniform stress distribution. In deriving the approximate rela- 
tive diagram, no restrictions were made as to the shape of cross 
section. 

The solution becomes exact for the thin-walled cylinder, since 
for this particular instance, the assumption of constant normal 
and resultant shearing stresses is fully justified. For the 
other cases solved by the author the maximum deviation of the 
“safe” relative diagram from the exact relative diagram is 
within about 6 per cent, which is of no concern from the 
viewpoint of engineering design. 


E. O. Waters. The author’s use of calculus of variations 
suggests the possibility of arriving at identical results by energy 
considerations. Take for example the case of the solid circular 
cylinder in combined torsion and tension; let e, = plastic strain 
in the axial direction and @ = angle of plastic twist per unit 
length, both arbitrary and, from symmetry, constant throughout 
the cylinder. Then the plastic work done on a slice of unit thick- 
ness is 


V = Fe, + Mo 


a 20 
= 2 V3 E V1 Vale) dr 


For a natural stress distribution in the cylinder, 6, V = 0; this 
leads directly to the author’s Equations [18] for the stresses 


_ 20 
V 3(c,) 
1 


the yield point in shear equals: Va times the yield point in tension. 
3 


where \ = ; it also gives Nadai’s results identically, since 


In performing these operations, there is full compliance with 
the equations of equilibrium and the “condition of plasticity” for 
stresses, but the “law of yielding” based on Mohr’s circles is not 
utilized. It may be said that the validity of the author’s method, 
which he proved experimentally by comparison with Nadai’s 
solutions, is confirmed by the principle of least work. 


AUTHOR’s CLOSURE 


The author wishes to express his thanks for the illuminating 
discussions of the principle. The ultimate impression seems to 
be on the affirmative side; no rejection of the principle on a 
general basis was made known to the author up to date. A par- 
ticular acknowledgment is due to E. O. Waters for establishing a 
relation to the energy of plastic deformation by means of the 
principle of least work. This is a progressive step in the direction 
of establishing a sound basis for the principle. The author’s 
endeavors to obtain a concise formulation of the principle in a 
form immediately suitable for applications in the general three- 
dimensional case have not been successful. The way to develop 
the principle into three dimensions is probably to follow the ideas 
as outlined by Mr. Waters in his discussion. 


8 Associate Professor of Mechanical Engineering, Yale University, 
New Haven, Conn. Mem. A.S.M.E. 

9» “On the Mechanics of the Plastic State of Metals,” by A Nadai, 
Trans. A.S.M.E., vol. 52, 1930, Paper APM-52-17. 
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Creep and Relaxation of 
Oxygen-Free Copper’ 


I. Oparowsk1.?. The experiments of the author on creep and 
relaxation during periods of time of the order of 10,000 hr, his 
attempt to correlate the creep with the relaxation curves, and his 
detailed discussion of the possible correctness of several types of a 
fundamental relationship between the physical quantities which 
are here involved, represent a valuable contribution toward an 
understanding of these phenomena. 

The writer would like to comment concerning the author’s 
equation of the relaxation curves of prestretched copper at room 
temperature which is based upon the assumption that (Equation 
[9] of the paper) the stress is proportional to a power m = 0.71 
of the plastic strain and to a power n = 0.15 of the plastic strain 
rate, these values of m and n being determined by the author’s 
creep experiments. On the basis of these data the author has for 
the relaxation curves (Equation [11] of the paper) 


where y = 1 — (¢/o*), o being the stress at a time ¢ and o* an 
initial stress. Terms H, Ci, u, v are four constants, which ac- 
cording to the author’s symbols are 


ph = m/n,v = 1/n, H = Co*#*" 


so that » = 71/15, » = 100/15. To calculate the integral in 
Equation [1] of this discussion, the author changes » and » to 
their nearest integers, that is, « to 5 and » to 7, so that 


(l1—y)” (l—y)? 626 ZS 274 328 


where Z = 1—y. Although this change of the exponents amounts 
to about 5 per cent of their true values, it cannot be accepted be- 
cause it involves an error in the computation of the integral of at 
least 50 per cent. 

To show this, an accurate formula for the calculation of the 
integral in question will be derived. This integral, in its general 
form, that is, with fractional exponents yu and », is well known in 
statistics under the name of “incomplete Beta function” or of 
‘incomplete Eulerian integral of the first kind.’”” A pamphlet on 
its numerical calculation by H. E. Soper* was published in 1921 
and extensive numerical tables by K. Pearson‘ appeared in 1934. 
These tables are not good for the particular values of our expo- 
nents wand v. However, the following formula taken from Soper’s 
pamphlet 


ys 1 
(l—y)’ (l—y) 


2+ u—p 
dy........ 
[a 3) 


enables one to calculate the integral in Equation [1] of this dis- 


1 By E. A. Davis, published in the June, 1943, issue of the JourRNAL 
or AppLieD Mecuanics, Trans. A.S.M.E., vol. 65, p. A-101. 

? Armour Research Foundation, Chicago, Ill. Mem. A.S.M.E. 

3“The Numerical Evaluation of the Incomplete Beta-Function,”’ 
by H. E. Soper, Tracts for Computers, No. 7, Cambridge University 
Press, London, England, 1921. 

4“Tables of the Incomplete Beta-Function,’’ by K. Pearson, 
Biometrika, Cambridge, London, England, 1934. 

5 Reference (3), p. 5. 
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cussion in an extremely simple and accurate manner. (That this 
formula is correct may be easily seen by observing that it is satis- 
fied for y = 0 and that the integrand of its left-hand side equals 
identically the y-derivative of the right-hand side.) 

The essential point which makes it possible to apply Equation 
[3] of this discussion in the present case is that, within the range 
of y corresponding to the author’s experiments, the integral term 
in the right-hand side of Equation [3] is completely negligible. 
The percentage error in neglecting this term is 


(1—y)" 


The integrand here is increasing with y and has its concavity di- 
rected upward. Therefore the integral in Equation [4] of this 
discussion is smaller than 


— y)*]/2 


e = 100(2 + un — ») dy... [4] 


so that 
e < [(50(2 + — — y)..... eee [5] 


This is an increasing function of y. 

On the other hand, it appears from Fig. 8 of the paper that the 
maximum value of y = 1 — (¢/o*) to be considered is for ¢* = 
22,170 psi, and o =~ 18,000 psi, which gives y ~ 2/11. Substi- 
tuting into Equation [5] of this discussion, y = 2/11, « = 71/15, 
vy = 100/15, we get « < 0.74 per cent. In conclusion, we have 
with an error smaller than 0.74 per cent 


ye 15 y 
7, dy = —| ‘ 
86 \1 —y y 


which for y = 2/11 gives 3095 x 10-8, whereas the author’s ap- 
proximation gives, by Equation [2] of this discussion, 2008 x 
10-8. The reason for this large error may be easily seen if one 
writes the relation between the integral in Equation [1] of this 
discussion and the author’s approximation in the form 


If the factor (1 —y)'/*/y‘/” were close to 1 the author’s approxi- 
mation would have been good. Actually, although this factor is 
1.47 when y = 2/11, it increases to infinity when y decreases to 
zero. For y = 2/11 the error involved by the author’s approxi- 
mation was found to be = 50 per cent. For smaller y terms the 
error is still larger because the factor (1 —y) '/*/y‘/“is farther 
away from 1. 

In conclusion the possibility of explaining the author’s experi- 
ments by means of the foregoing stress strain - strain rate relation 
may be expressed as an alternative, i.e., either the exponents m 
and n must be changed to fit the author’s creep and relaxation 
curves, or the type of the relation is not good. The latter would 
be in agreement with the author’s opinion as to the weaknesses of 
the relation in question, because it involves an infinite strain rate 
at the beginning of creep. 


W. E. Trumpier.* The problem of correlating the two types 
of high-temperature tests on metals discussed in the paper is in- 
deed worth attention whenever data are available. The author 
gives an interesting review in the second part of his paper. Some 
observations might perhaps clarify one of the methods men- 
tioned, i.e., the one which states that at a given time and stress, 
the strain rate is equal in both the creep- and relaxation-curve 
field. This means that “strain hardening” is neglected, for at 


® Design Engineer, Westinghouse Electric & Manufacturing Com- 
pany, Steam Division, Philadelphia, Pa. Jun. A.S.M.E. 
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such a point the material has undergone more plastic strain in the 
relaxation than in the creep test. 

Taking the data of the relaxation tests at 165 C, from Fig. 5 of 
the paper, and plotting as shown in Fig. 1 of this discussion, a 
cross-plot can be made so that a field of relaxation curves can be 
drawn and slopes measured. Experience of many relaxaticn 
tests has shown that parabolic curves of the formula «* — ¢ 
= c(or)? fit quite well, and this has been used. 

The calculated creep curves are plotted in Fig. 2 of this dis 
cussion, and the tested curves are dashed in from Fig. 1 of the 
paper. The calculated curves are below the tested as could be ex- 
pected in a material which is as sensitive to strain hardening as 
copper. Although the slopes seem to be about 50 per cent of those 
tested, if they were plotted on Fig. 3 of the paper, they would 
come about where the 150 C curve comes. If such a correlation 
were used for design purposes one would not be in great error. 

Using the same fundamental method, the author calculates the 
relaxation from the creep in Fig. 5 (marked Equation [16]). 
These calculated curves seem to act strangely for the first 80 hr, 
but this is easily explained by the fact that the formula for the 
creep curves does not follow accurately the actual curves in this 
initial portion as shown by curves, marked Equation [15] in Fig. 
1 of the paper. 

The graphical method suggested in this discussion does not de- 
pend upon approximate equations but rather upon slope measure- 
ments. To calculate relaxation from creep curves, one must 
cross-plot the creep curves and draw a family of these, preferably 
with a logarithmic time scale. 

With some less strain-hardening materials such as high-tem- 
perature steels, closer correlation has been obtained. However, 
what has been done so far is no more than a scratch on the surface 
of possibility, and much more test data must be made available 
to decide the reliability of any method or theory. 
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AuTHOR’s CLOSURE 

The comments of Mr. Opatowski are very interesting and the 
method of integration outlined in his discussion is undoubtedly 
an improvement over that used in the text of the paper. The 
fact that this method can be used for fractional exponents and 
that it can also be used to evaluate the error due to small changes 
in the exponents make it doubly important from a mathematical 
point of view. 

From a practical point of view, however, the nature of creep 
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testing is such that the exponents in question cannot be deter- 
mined with an error less than about 5 per cent. It was for this 
reason that the author did not hesitate to change the value of the 
exponents to integral numbers. Fig. 3 of this closure shows two 
curves, A and B, which show the effect of these exponents. 
Curve A gives the value of the integral in Equation [1] of the 
discussion when u» = 5 and vy = 7 while curve B gives the value 
of the same integral when » = 71/15 and» = 100/15. It will be 
noted that if one should want to know how long it would take 
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for the stress to drop to a given value then there may be a differ- 
ence of as much as 50 per cent between the results given by the 
two curves but in most cases the design engineers will want to 
know how much the stress has reduced at the end of a given time. 
This means that the difference between the two curves should be 
measured along the ordinate and in this direction the error can 
be neglected. 

Mr. Trumpler shows one method of attacking the problem of 
obtaining creep data from relaxation test data. This represents 


the sort of approach a design engineer must make if he is to ob- 
tain results where test data are not available. The difficulty 
with such an approach is in extrapolation of the relaxation curves, 
for in order to know what the strain rate will be at the end of a 
given time the relaxation tests will have to be carried out to that 
time or the test curves will have to be extrapolated from a shorter 
testing period. Nevertheless such a method may well give re- 
sults which can be used for design purposes in cases where the 
proper test data are not available. 
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Book Reviews 


Mathematics of Modern Engineering 


MATHEMATICS OF MODERN ENGINEERING—Volume 2, Mathematical 
Engineering. By E. G. Keller, Mathematics Staff Engineer, Lock- 
heed Aircraft Corporation. First edition. John Wiley and Sons, 
Inc., New York, N. Y., 1942. Cloth, 6 X 9 in., xii and 309 pp., 
figs., $4. 


REVIEWED BY J. N. Gooprer! 


Ve E first volume of this series by R. E. Doherty and E. G. 

Keller was published in 1936 and contained in its “Foreword 
for Instructors’’ a valuable essay on mathematics and engineering. 
The present volume, the second, has been made essentially inde- 
pendent. It bears the subtitle ‘“Mathematical Engineering,” 
the preface stating that a phase of engineering, justifying this 
title and analogous in engineering to mathematical physics in 
physics has developed during the last two decades. The author 
divides this subject into (1) discrete systems—problems in a finite 
number of variables or a finite number of degrees of freedom such 
as networks, rotating electrical machines, vehicle motions and 
vibrations (2) continuous systems—field problems as in fluid 
mechanics, electrodynamics, elasticity, commonly reducing to 
systems of partial-differential equations. This volume deals with 
(1) only. As any volume of orthodox size must, it makes a limited 
selection of subjects, guided by the opinions of several engineers 
and physicists. The book evolved during the last decade out of 
the research engineering, and the Advanced Course in Engineer- 
ing, of the General Electric Company. 

It deals in three chapters with three major subjects: (1) 
Engineering Dynamics and Mechanical Vibrations; (2) Introduc- 
tion to Tensor Analysis of Stationary Networks and Rotating 
Electrical Machinery; (3) Nonlinearity in Engineering (electrical 
and mechanical). The titles of the two last are enough to suggest 
that the book contains much that is new or nearly so, and this is 
the case. The book is thus not simply another rearrangement of 
orthodox mathematics for engineers and physicists. The first 
chapter is largely devoted to the elements of the calculus of varia- 
tions, leading up to Hamilton’s principle, from which Lagrange’s 
equations are deduced. There is also a short section on vector 
analysis. There are several illustrative examples of the simpler 
kind, the equations of the gyroscope, Euler’s equations for motion 
about a fixed point, the general theory of small vibrations, then a 
treatment, from unpublished work of Cain and Keller, of electric- 
locomotive oscillations, based on the theory that the energy of 
nosing oscillation is transferred from the motors to the mass of 
the locomotive through creepage of the driving wheels, that is, 
the local deformation at the contact of wheels and rails. What a 
reader versed in mathematics rather than engineering may wonder 
here is how easy it must be for the investigator to fail completely 
to hit upon such a connection. The author has made a deliberate 
effort to place equal emphasis on the two processes “set up” and 
“solve.’’ Perhaps this example illustrates the difficulty of specific 
training in the former, undoubtedly more of an art and less of an 
expoundable science than the latter. 

After Rayleigh’s principle comes Chapter 2, which is an account 
of the effort of Kron to transfer much of electrical-engineering 
theory from art to science by bringing under one principle the di- 
verse problems of networks and electrical machines. This is of 


1 Professor in Charge, Department of Mechanics of Engineering, 
College of Engineering, Cornell University, Ithaca, N. Y. Mem. 
A.S.M.E. 


course not of primary interest to mechanical engineers, but the 
author states that the methods of thought and analysis seem des- 
tined to extend to mechanical engineering as well. The subject is 
an extremely interesting case of a long-range influence of physics 
on engineering, since it must have owed its chance of development 
largely to the prominence into which relativity has brought the 
tensor calculus. This chapter includes brief auxiliary treat- 
ments of matrices and tensors. 

Chapter 3 is devoted to problems which lead to nonlinear 
differential equations. The problems include a number of in- 
teresting ones on nonlinear mechanical vibrations, and the meth- 
ods given in the text for their solution go beyond what is available 
in the engineering texts on vibration. 


Waves 


Waves. By C. A. Coulson. Interscience Publishers, Inc., New 
York, N. Y. Cloth, 5 X 71/2 in., xii and 156 pp., 29 figs., $1.50. 


REVIEWED BY FRANK M. Lewis? 


THs concise text presents the mathematical theory of wave 
motion in uniformly distributed systems. The types of 
wave motions discussed include transverse waves in strings and 
membranes, longitudinal waves in bars and springs, gravity and 
capillary waves on the surface of liquids, sound waves, and electric 
waves inspace. The author has treated these diverse phenomena 
in a unified manner showing that all are subject to the same 
differential equations and mathematical formulation. 

In so far as mechanical systems are concerned, the only im- 
portant omissions are transverse waves in rigid rods and plates, 
and three-dimensional waves in elastic solids. The treatment is 
limited to small motions involving linear equations only. In the 
ease of surface waves on liquids this leads to significant differences 
from the actual phenomena. The treatment for longitudinal 
waves in rods is approximate, the correction for transverse 
motion being neglected. On page 84 the critical wave length 
should be 1.7 em, not 17. 

The chapter on electric waves presupposes a considerable 
knowledge of electric phenomena and vector methods. It is 
largely concerned with the mathematical relations between wave 
theory and the physical phenomena of polarization, reflection, 
refraction, and diffraction. The engineering problems of radio 
transmission or electric waves on wires are not considered. 

While brief, the presentation is clear and interesting and the 
book is highly commended to those interested in vibration 
phenomena. A series of problems with answers will enable 
the student to test his skill. 


Engineering Mechanics 


ENGINEERING Mecuanics. By Bevis Brunel Low. Longmans, 
Green & Co., New York, N. Y., 1942. Cloth, 5!/2 X 8!/2in., vi and 
252 pp., 208 illus., 207 exercises, and many worked examples, $4.50. 


REVIEWED BY FRANK M. Lewis? 


HE field covered by this concisely written text includes kine- 
matics, Newton’s laws and their application to the motion of 
rigid bodies, and selected topics from elementary vibration 
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theory. It is intended as an elementary text for engineering stu- 
dents to supplement ‘Applied Mechanics” by A. B. Low, the 
author’s father. This earlier text covers the field of statics and 
strength of materials. 

The kinematics chapters include the velocity and acceleration 
analysis of link and sliding mechanisms of various degrees of 
complexity, and a chapter on cam analysis restricted to those 
composed of circular ares and straight lines. 

Opening the chapter on dynamics, the student is introduced to 
the controversy between the pound-mass, the pound-weight, the 
poundal and the slug, a controversy which the author remarks 
“probably will continue for all time.’”’ He maintains strict neu- 
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trality utilizing the ‘‘m” notation in the chapter on dynamics of 


Ww 
a rigid body and — notation in the chapter on vibration. 
g 


The field of vibration gives the mechanics student splendid 
opportunity to exercise his knowledge in statics, dynamics, and 
elasticity, and more and more of vibration theory is being taught 
in mechanics courses. While elementary in scope, the vibration 
chapter contains a considerable amount of material formerly 
found only in a more specialized text. 

Throughout the text there is an extensive array of well-graded 
problems and answers. These should enable any reasonably in- 
telligent student to dispense entirely with an instructor. 


IN TWO SECTIONS—SECTION TWO 


Transactions 


of the 


A.S.M.E. 


SOCIETY RECORDS—PART 1 


Harold V. Coes, President of The American Society of 


Mechanical Engineers, 1942-1943.......sscccesccccccscsccecccees Portrait and Biography 
Special Committees. 7 Research 25 
Special Council Committees.......... 8 Standardization Committees.......... 27 
A.S.M.E. Representatives on Power Test Codes Committees........ 33 
Professional Divisions............... 10 Boiler Code Committees............. 37 
Woman's Auziliary to the RI-39 
Honorary RI-43 
Past-Presidents, Treasurers, and Secretaries... .. 


FEBRUARY, 1943 


VOL. 65, NO. 2 


ce 


Transactions 


of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


Harotp V. Cors, President 


W. D. Ennis, Treasurer C. E. Davigs, Secretary 


COMMITTEE ON PUBLICATIONS: 
C. R. SoperserG, Chairman 
F. L. Brapiey, Vice-Chairman L. N. Row ey, Jr. 
E. J. Kates G. B. Karevirz 


Georce A. Stetson, Editor 


ADVISORY MEMBERS OF THE COMMITTEE ON PUBLICATIONS: 


N. C. Fra. R. F. Gace, Paterson, N. J. O. B. Scuter, 2Np, New York, N. Y. 
Junior Member 
J. A. Connon, New York, N. Y. 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and Northampton Streets, Easton, Pa. The editorial 
department is located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York, N.Y. Cable address, ‘“Dynamic,’’ New York. Price $1.50 
a copy, $12.00 a year; to members and affiliates, $1.00 a copy, $7.50 ayear. Changes of address must be received at Society headquarters two weeks before 
they are to be effective on the mailing list. Please send old as well as new address. . .. By-Law: The Society shall not be responsible for statements or opin- 
ions advanced in papers or... printed in its publications (B13, Par. 4). . . Entered as second-class matter Marc 2, 1928, at the Post Office at Easton, Pa., 
under the act of August 24, 1912.. . Copyrighted, 1943, by The y os Se Society of Mechanical Engineers. Reprints from this publication may be made 
on condition that full credit be given the Transactions of the A.S.M.E. and the author, and that date of publication be stated. 


2 


le 


Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1943, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Another, to be issued 
sometime later in the year, will contain memorial notices of deceased members. 
The indexes to miscellaneous publications, Mechanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1944, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1943 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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Harold V. Coes 


Harold Vinton Coes, President of The American Society of Mechanical Engineers 
for the year 1942-1945, is a Fellow of the Society and vice-president of Ford, Bacon 
& Davis, Inc., engineers of New York. He was born in Hyde Park, Mass., and 
studied at Northeastern Manual Training School, Philadelphia, Pa., and at Massa- 
chusetts Institute of Technology, from which he received the degree of Bachelor of 
Science in 1906. 

From 1908 to 1911, Mr.Coes was mechanical engineer and assistant to the president 
of the Liquid Carbonic Company, Chicago, IIl., where he assisted in the design of, 
and built and operated the then largest liquid-carbonic-acid plant in the world at 
Cambridge, Mass. During the same period, in behalf of his company he acted as 
consulting engineer for the Searchlight Gas Company, acetylene-gas manufacturers. 
This was followed by the position of manager of the Chicago office and, later, princi- 
pal industrial engineer of Lockwood, Green & Co., engineers, Boston, Mass. In 1914, 
he became vice-president and general manager of the Sentinel Manufacturing Com- 
pany, New Haven, Conn., manufacturers of automatic gas appliances. 

During 1917, he joined the staff of Gunn, Richards & Co., New York, industrial 
engineers, as industrial engineer, in which capacity he reorganized production in 
munitions plants of Canada. His work was so successful that he was invited to join 
the staff of Ford, Bacon & Davis, Inc., in the last year of World War I and as indus- 
trial engineer assisted in the design of munitions plants and of the Richmond, Va., 
plant of the Emergency Fleet Corporation for the manufacture of single-ended 
Scotch marine boilers for troop transports. Representing his company, he served as 
acting general manager, Platt Iron Works, Dayton, Ohio, manufacturers of whippet 
tanks, shells, submarine pumps, compressors, ete. 

During the period from 1924 to 1928, he was director, vice-president, and general 
manager of the Belden Manufacturing Company of Chicago. However, preferring 
professional work, Mr. Coes reassociated himself with Ford, Bacon & Davis, Inc., 
in 1928 as manager of the industrial department and devoted his attention to prob- 
lems of administration and industrial management. He served for a year represent- 
ing his company as director and executive vice-president of Vulcan Iron Works, 
Wilkes-Barre, Pa., manufacturer of mine hoists, cement machinery, and industrial 
locomotives. In 1937, he became a partner of the firm and, in 1941, vice-president. 

Mr. Coes has been an active member of the Society since 1907, serving as Manager, 
1929-1932, and as Vice-President, 1927 and 1932-1934. His committee work includes 
service on the Professional Divisions Committee, the Materials Handling Division 
as chairman, the Finance Committee as chairman, Budgeting Policy Committee, the 
Special Committee on Depreciation, and the Special Committee on War Production. 
In 1927-1928 he served as vice-chairman of the Chicago Local Section. He repre- 
sented the A.S.M.E. on the board of United Engineering Trustees, Inc., serving as 
president and as chairman of the organization’s finance committee, and was one of 
the Society’s representatives on the Engineers’ Defense Board. 


Other national and local professional affiliations include the American Manage- 
ment Association, of which he is chairman of the Finance Committee; Engineering 
Index, Inc., director; Association of Consulting Management Engineers, of which he 
is a past-president; Society for Advancement of Management; National Association 
of Manufacturers; Army Ordnance Association; Montclair Society of Engineers; and 
American Arbitration Association. For the Seventh International Management 
Congress, he was vice-chairman of the finance committee. He was one of three 
Americans selected to attend the International Budgetary Conference on budgetary 
procedure and control, which was to have been held at Geneva, Switzerland, July, 
1930, but the meeting was cancelled and the papers sent to a subsequent meeting 
but not presented in person. 

Mr. Coes is the author of many papers on economics, management, and industrial 
and marketing subjects, such as “Production Control,” the section on “Materials 
Handling” in the “Cost and Production Handbook,” “Depreciation and Obsoles- 
cence,” and sections in the A.M.A. “‘Handbook of Business Administration.” 
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Term expires 1947 


R. C. Muir 
E. W. O’Brien 


H. Fry 
Kk. HoLtpEN 


REGULAR NOMINATING COMMITTEE 
FOR 1948 


B. P. Graves, Chairman 
WARNER SEELY, Necretary 


(rroup 
I B. P. Graves, Providence, R.I., 
Chairman 
L. C. Smiru, Hartford, Conn., 1st 
Alternate 
C. P. Howarp, Worcester, Mass., 2nd 
Alternate 
Il THEODORE BAUMEISTER, New York, 
N.Y. 
G. J. Nicastro, New York, N.Y.. 


Alternate 


V. M. Patmer, Rochester, N.Y. 
J. S. Morenouse, Villanova, Pa., 1st 
Alternate 
H. Brersaum, Buffalo, N.Y., 2nd 
Alternate 


IV JAMES ELLIs, Kingsport, Tenn. 
A. M. ORMOND, Savannah, Ga., 1st 
Alternate 
H. G. Movar, Birmingham, Ala., 2nd 
Alternate 


(Personnel of Boiler Code Committees,“ 


RI-37-38) : Vo Warner SEELY, Cleveland, Ohio, See- 
retary 
R. McCarrny, Cleveland Heights, 
MEDALS Ohio, Ist Alternate 
S. M. JECKSTEIN, Ci . Ohio, 
(Npecial Committee of Board of Honors . Canton, Ohio 
2nd Alternate 
and Awards) 
VI G. L. Larson, Madison, Wis. 
Davin LARKIN, St. Louis, Mo., 1st 
D. C. JACKSON, Chairman Alternate 
C. M. ALLEN W. C. LINDEMANN, Milwaukee, Wis., 
L. DAUGHERTY 2nd Alternate 
Rh. C. MARSHALL, JR. 
VII L. Hays, Portland, Ore. 
Term expires 1944 Kk. P. Wetser, Portland, Ore., Al- 
L. Bausen L. C. Morrow 
FRANCIS J. M. Topp Vill A. Dew 


\. D. BAILEY 
J. W. BARKER 


Term expires 1945 


CLARKE FREEMAN 
L. W. WALLACE 


H. L. Crain, Kansas City, Mo., 1st 
Alternate 

H. KE. Dreier, Austin, Texas, 2nd 
Alternate 


LOCAL SECTIONS IN NOMINATING 
COMMITTEE GROUPS 


GROUP I 


PROVIDENCE 
WATERBURY 
WESTERN MaAssa- 
CHUSETTS 
WORCESTER 


Boston 
BRIDGEPORT 
(JREEN MOUNTAIN 
HARTFORD 

New Haven 
NORWICH 


GROUP II 


METROPOLITAN (N.Y.) AND MEMBERS 
OUTSIDE THE UNITED STATES 
(Except ONTARIO SECTION MEMBERS) 


GROUP III 


ANTHRACITE-LEHIGH PHILADELPHIA 


V ALLEY PLAINFIELD 
BALTIMORE ROCHESTER 
BUFFALO SCHENECTADY 
CENTRAL PENNSYL- SUSQUEHANNA 

VANIA SYRACUSE 
ITHACA WASHINGTON, D.C. 

GROUP IV 
ATLANTA PIEDMONT-N ORTH 
BIRMINGHAM CAROLINA 
East TENNESSEE RALEIGH 
FLORIDA SAVANNAH 
GREENVILLE VIRGINIA 
MEMPHIS 

GROUP V 


ONTARIO 
PENINSULA 
PITTSBURGH 
‘TOLEDO 


AKRON-CANTON 
CINCINNATI 
CLEVELAND 
COLUMBUS 


DAYTON WEsT VIRGINIA 
DETROIT YOUNGSTOWN 
ERIE 

GROUP VI 
CENTRAL ILLINOIS MINNESOTA 
CENTRAL INDIANA NEBRASKA 


Rock RIvER VALLEY 
St. JOSEPH VALLEY 
Sr. Lovuts 
TRI-CITIES 


CHICAGO 
Fort WAYNE 
LOUISVILLE 
MILWAUKEER 


GROUP VII 
INLAND EMPIRE 
OREGON WESTERN WASH- 
SAN FRANCISCO INGTON 


SOUTHERN CALI- 


FORNIA 
GROUP VIII 

COLORADO NEW ORLEANS 

KANSAS CITY NortH TEXAS 

Mip-CONTINENT SoutH TEXAS 


7 
RI-7 
P 
ps 


MITTEE ON ADMISSIONS 


H. A. LarpNer, Chairman 
R. E. FLANDERS 

E. C. HuTcHINSON 
ALFRED IDDLES 

J. H. LAWRENCE 

Roy V. WriGcHt 


BOARD OF REVIEW 


P. W. Swatn, Chairman (1943) 
S. D. Sprone (1944) 
M. Grpson (1945) 


BOARD ON TECHNOLOGY 


C. B. Peck, Chairman 

E. G. BAILEY 

R. F. Gace 

F. L. WILKINSON, JR. (Local Sections) 
N. E. Funk (Meetings and Program) 
W. A. Carter (Professional Divisions) 
C. R. Sopersere (Publications) 

M. D. Hersey (Research) 


CONSULTING PRACTICE 


S. Logan Kerr, Chairman 
P. L. 
M. X. WILBERDING 


DEPRECIATION 


P. T. Norton, JRr., Chairman 
E. C. CLARKE 


DUES-EXEMPT MEMBERS’ 
CONTRIBUTIONS 


F. D. HERBERT 

S. H. Lipsy 

J. W. Roe 

W. R. WEBSTER 

W. D. ENNIS, Treasurer 


ADVISORY COMMITTEE TO COM- 
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SPECIAL COUNCIL COMMITTEES 


(Dates in parentheses denote expiration of terms) 


ECONOMIC STATUS OF THE 
ENGINEER 


C. J. Freunp, Chairman 
>. S. KIMBALL 

H. B. OATLEY 

H. L. WHITTEMORE 

W. E. WICKENDEN 

H. A. WINNE 


Junior Representatives 


W. F. CARHART 

W. B. OAaKLey, JR. 

H. F. Rirrersuscu 

Chairmen of Committees on Local Sections 
and Relations With Colleges, F.w-Officio 


ENGINEERING ORGANIZATIONS 
WITHIN STATES 


W. R. Woorricu, Chairman 
H. O. Crorr 

LINN HELANDER 

F. H. Prouty 


ENGINEERS’ CIVIC RESPONSI- 
BILITIES 


A. R. CuLLIMORE, Chairman 
GANO DUNN 

LILLIAN M. GILBRETH 
WALTER KIDDE 

H. B. Oatley 

J. W. Roe 

Roy V. Wrigut 

D. Ropert YARNALL 


Chairmen of Committees on Local Sections 
and Relations With Colleges. Ex-Officio 
FREEMAN FUND 


CLARKE FREEMAN, Chairman 
E. C. HuTCHINSON 
Geo. A. ORROK 


INDUSTRIAL CONSERVATION 


To be appointed 


MEMBERSHIP 


To be appointed 


REGISTRATION 


V. M. Chairman 
S. H. Grar 

H. B. Joyce 

J. A. McPHERSON 

F. H. Prouty 
W. K. Srmpson 
H. H. SNELLING 


SOCIETY 


PLANNING 
To be appointed 


PROGRAM FOR POSTWAR 


SOCIETY OFFICE OPERATION 


ALFRED IppLES, Chairman 
WALLACE CLARK 
KE. H. ScHEeELL 


WAR PRODUCTION 


JAMES L. WALSH, Chairman 

Rear-ApDMIRAL J. A. Furer (Navy Repre 
sentative) 

Bric. Gen. T. D. Weaver (Army Represen 
tative) 


A.S.M.E. Divisions Representatives 


KX. H. Conpir (Management) 

C. F. Drerz (Materials Handling) 

Sot (Production Engineering) 
D. S. 

W. M. (Railroad) 

A. R. STEVENSON, Jr. (Aviation) 

T. H. WickeENDEN (Metals Engineering) 


W.L. Batt K. T. KELLER 

C. EK. Davip LARKIN 

H. N. Davis T. LETCHFIELD 
W. C. DicKERMAN T. A. Morgan 
GANO DUNN R. C. Murr 

W. F. DuRAND E. A. MULLER 
W.S. FiIntay, JR T. E. Murray 

R. E. FLANDERS W. WESTERVEL'! 
R M. Gates A. C. WILLARD 


GEORGE WESTINGHOUSE BUST 


D. S. KIMBALL, Chairman 
C. E. Davies, Secretary 
K. T. COMPTON 

S. W. DupLey 

C. N. LAUER 

W. G. MARSHALL 

J. H. McGraw 

L. A. OSBORNE 

C. F. Scorr 

J. B. Wrigut 

Roy V. Wrigut 


Rye ma 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


See also AME. Representatives on Other Research Committees, ete., pages R1I-26, 31, 34, 35, 38 


AMERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE 


SECTION M, ENCINEERING 


D. CARVIN 
R. L. SACKETT 


AMERICAN STANDARDS 
ASSOCIATION 


ALFRED IppLEs (1943) 
JE. Lovery (1945) 


Alternates 


C. B. LePage (1943) 
W. C. MUELLER (1943) 


AMERICAN YEAR BOOK 
CORPORATION 


C. E. Davies 


CENTER FOR SAFETY 
EDUCATION 


E. R. GRANNISS 


THE ENGINEERING FOUNDATION 


K. H. Conpir (1943) 
A. A. Porrer (1943) 
E. R. (1944) 


RESEARCH PROCEDURE COM MITTEE 
W. TRINKS (1943) 


ENGINEERING SOCIETIES LIBRARY 


BOARD 


JoHN BLIZARD 

Ek. F. Jr. 

A. R. MumrForp 

Secretary, A.S.M.E., Ex-Officio 


ENGINEERING SOCIETIES MONOGRAPHS 
COM MITTEE 


J. A. Gorr (Professional Divisions) 
E. J. Kates (Publications) 


ENGINEERING SOCIETIES 
NEL SERVICE, INC. 


Ernest Hartrorb, Vice-President, National 
Board 

D. C. Jackson, Boston Board 

R. D. Brizzotara, Chicago Board 

C. J. Freunp, Detroit Board 

Ernest Hartrorp, Chairman, Metropolitan 
Board 

H. J. Bere, San Francisco Board 


PERSON- 


ENGINEERS’ COUNCIL FOR PROFES.- 
SIONAL DEVELOPMENT 
A. R. Stevenson, Jr. (1943) 


J. W. Parker (1944) 
R.L. Sackerr (1945) 


(Dates in parentheses denote expiration of terms) 


ENGINEERS’ NATIONAL RELIEF 
FUND 


ERNEST HLARTFORD 


JOHN FRITZ MEDAL BOARD OF 
AWARD 


A. G. CHRISTIE (1943) 
W. H. McBrype (1944) 
W. A. HANLeEY (1945) 
J. W. (1946) 


GANTT MEDAL BOARD OF AWARD 


A. I. Pererson (1943) 
WALLACE CLARK (1944) 
M. Tatsor (1945) 


DANIEL GUGGENHEIM MEDAL 
FUND, INC. 


R. F. Gage (1943) 
E. E. (1944) 
J. E. Younger (1945) 


JOSEPH A. HOLMES SAFETY 


ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


S. F. Voornees (1943) 
W.L. Barr (1945) 
W. H. Kenerson (1947) 


INTER-AMERICAN DEVELOPMENT 
COMMISSION 


A. M. GREENE, Jr. 
W. H. McBrypbe 
M. Mucunic 


INTER-AMERICAN ENGINEERING 
COOPERATION 


A. M. GREENE, JR. 


INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 
U.S. NATIONAL COM MITTEE 


H. N. Davis 
PAUL DISERENS 
FRANCIS HODGKINSON 


Alternate 
C. Harotp Berry 


JOINT CONFERENCE COMMITTEE 
(Presidents and Secretaries of Founder 


Societies) 


President } Ex-Officio 


Secretary 


MARSTON AWARD 
W. L. (1945) 


NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


V. M. PALMER 


NATIONAL CONFERENCE ON 
NEERING POSITIONS 


H. B. Oatley 
R. L. SACKETT 


ENGI- 


W. F. CarRHaArt 
W. L. CISLER 


NATIONAL 
J. A. NEALE 


FIRE WASTE COUNCIL 


NATIONAL MANAGEMENT COUNCIL 


J. M. (1944)—WaALLACcE CLARK, AIl- 
ternate 

J. R. Banes. Jr. 
Alternate 

A. 1. PETERSON 
ternate 


(1945)—J. M. JuRAn, 
(1946)—C. W. Lytte, Al- 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 


RESEARCH 
E. G. Battey (1945) 
ALFRED NOBLE PRIZE 
A. M. GREENE, JR. 


POSTWAR PLANNING 


To be appointed 


UNITED ENGINEERING TRUSTEES. 
INC. 


WaLrtrer Kippe (1943) 
K. H. Conprr (1944) 
H. A. LARDNER (1946) 


VERMILYE MEDAL ADVISORY 
COMMITTEE 


W. D. FuLter (1947) 


WASHINGTON AWARD COMMISSION 


W. J. Sanpno (1943) 
C. C. Austin (1944) 


WORLD POWER CONFERENCE 


EXECUTIVE COM MITTEE, U.S. NATIONAL 
COM MITTEE 


President, E.r-O fficio 


. 


STANDING COMMITTEE 


W. A. CarTER, Chairman (1943) 
W. M. SHEEHAN (1944) 

J. H. SENGSTAKEN (1945) 

J. A. Gorr (1946) 
J. R. Banes (1947) 


Junior Adviser 
K. J. BerRRIAN (1943) 


Aeronautic 
Organized, 1920 


Reorganized, 1941 


See Aviation 


Applied Mechanics 


Organized, 1927 
J. H. KEENAN, Chairman 


EXECUTIVE COMMITTEE 


J. H. Keenan, Chairman 
J. N. Goopier, Secretary 
L. S. JACOBSEN 

JESSE ORMONDROYD 

H. Poritsky 


Associates 


J. P. DEN Hartoe G. B. PEGRAM 
H. L. DrypEeNn R. E. PETERSON 
RuPEN EKSERGIAN E. O. WaTERS 
J. C. HUNSAKER B. M. Woops 
A. L. KIMBALL 


Representative on Aviation Liaison Group 
J. C. HUNSAKER 


Representative, San Francisco Section 
W. M. Moony 


Research Secretary 


JESSE ORMONDROYD 


JOURNAL OF APPLIED MECHANICS 


J. M. Lessevtis, Editor 


SPONSORS 


Dynamics, F. M. Lewis 

Elasticity, STEPHEN TIMOSHENKO 
Fluid Mechanics, H. W. Emmons 
Lubrication, G. B. KARreLirTz * 
Plasticity, A. NADAI 

Strength of Materials, C. R. SopERBERG 
Thermodynamics, J. A. Gorr 


* Deceased, January 19, 1943. 
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PROFESSIONAL DIVISIONS 


ARTICLE B6A, Par. 16: The Standing Committee on Professional Divisions shall, under the 
direction of the Council, have supervision of the Professional Divisions of the Society. 


Aviation 
Organized, 1941 
(Formerly Aeronautic) 


R. F. Gage, Chairman 


EXECUTIVE COMMITTEE 
k. F. Gage, Chairman 
J. E. YOUNGER, Secretary 
E. ALDRIN 


A. R. STEVENSON, JR. 
J. M. CLark, Ex-Officio 


Associate Members 


C. H. Doan, for the Mid-West 
M. J. THompson, for the Southwest 


Junior Advisers 


Bk. E. DEL Mar 
F. H. Harr 


ADVISORY COMMITTEE 


R. K. Le BLonp 
W. B. Mayo 
P. B. Morgan 


KARL ARNSTEIN 
CARL BREER 
E. C. CLARKE 


H. M. CRANE Tr. A. Morgan 
Louis DEFLOREZ S. A. Moss 

W. F. E. A. SpPeRRY 

A. J. GIrrorp A. R. STEVENSON, JR. 
M. B. Gorpon J. G. VINCENT 


WILLIAM HovGAARD THEODOR VON KARMAN 
J. C. HUNSAKER C. J. Warp 

P. G. JOHNSON E. P. WARNER 

C. F. KerreriInG B. M. Woops 
ALEXANDER KLEMIN ORVILLE WRIGHT 


LIAISON WITH OTHER PROFES- 
SIONAL DIVISIONS 


Applied Mechanics, J. E. YOUNGER 
Diesels, S. ALLEN GuiBerson, III 
Heat Transfer, V. J. SKOGLUND 
Hydraulics, THEODOR VON KARMAN 
Instruments, E. A. SPERRY 
Management, R. E. 


Metals, Aluminum Alloys, R. F. TEMPLIN 


Metals, Ferrous, F. P. Dops 

Plastics, G. P. Youne 

Production Engineering, R. F. Gage 
Rubber, CHARLES CLEARY 

Safety, JEROME F. LEDERER 

Wood Industries, ALEXANDER KLEMIN 


REPRESENTATIVES OF OTHER 
BODIES 


Aviation Division Research Committee, 


ALEXANDER KLEMIN 


Daniel Guggenheim Medal Board of Award, 
E. E. Atprin, R. F. Gage, J. E. YOUNGER 
Education and Training for the Industries 


Committee, A. R. STEVENSON, JR. 


Institute of Aeronautical Sciences, J. E. 


YOUNGER 


Fuels 
Organized, 1920 
H. F. Hesirey, Chairman 


EXECUTIVE COMMITTEE 


= 


. Chairman 
WEEKs, Necretary 
CAMPBELL 

"THORSON 

. ToBEY 


Associates 


A. R. MuMrorp, Acting Chairman 
J. F. BARKLEY 

J. S. BENNETT, 3kD 
T. C. CHEASLEY 
W. G. CHRISTY 

M. P. CLEGHORN 

B. J. Cross 

M. D. ENGLE 

. S. FRANK 

E. R. KaAIser 

T. A. MARSH 

M. A. MAYERS 

W. E. REASER 

R. L. Rowan 

R. A. SHERMAN 


TP. 


COAL TESTING CODE 


Organized, 1939, Jointly with A.J.M.P. 


R. L. Rowan, Chairman 
J. Topry, Vice-Chairman 


AS.M.E. Representatives 


HL. C. CARROLL A. R. MuMrorp 
R. A. ForESMAN W. T. 

R. M. HArpGROVE R. A. SHERMAN 
J. H. Kerrick L. A. SHIPMAN 
T. A. MARSH A. W. THORSON 


DOMESTIC FUELS 


M. P. CLEGHORN, Chairman 
T. C. CHEASLEY 

T. A. MARSH 

R. A. SHERMAN 

J. E. Topey 


JOINT AWARDS 


\. 

A.S.M.E. W. G. Curisty (1944) 
A.L.M.LE. PAUL Weir (1945) 

A 


ASME. H. F. Hepiey (1947) 


MODEL SMOKE LAW 


J. F. BARKLEY, Chairman 
O. F. CAMPBELL 

A. G. CHRISTIE 

W. G. Curisty 

T. A. MarRsH 

T. E. PuRcELL 

R. A. SHERMAN 

R. R. TucKER 
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Fuels 
(Continued) 
PROGRAM 


A. W. Tuorson, Chairntan 
D. S. FRANK, Assistant Chairman 
R. Kaiser, Junior Member 


REVIEW OF PAPERS 


M. D. ENGLE 
H. F. Hesirey 
A. W. THorson 
D. C. WEEKs 


Graphic Arts 
Organized, 1922 
EXECUTIVE COMMITTEE 
W. M. Passano 
B. L. Sires 


B. D. STEVENS 
B. L. Horr 


A. E. GIEGENGACK 
F. W. Hocu 

W. B. LAvGHutTon 
R. G. MacDonaLp 


Heat Transter 
Organized, 1941 
(Formerly Heat Transfer Professional 
Group, organized 1938) 


L. M. K. Chairman 
H. B. Norrace, Secretary 


EXECUTIVE COMMITTEE 


L. M. K. Boerrer, Chairman 
R. A. BowMAN 

H. C. Horre. 

R. H. Norris 

W. S. PATrerson 


Advisory Associates 
T. B. Drew A. K. Scorr 
E. D. GRIMISON H. SENGSTAKEN 
C. E. 
Junior Representatives 


P. R. TRUMPLER 
W. R. Wykorr 


STANDING COMMITTEES 
COORDINATION 
H. B. Norragce, Chairman 


Liaison Officer for Local Sections 
A. K. Scorr 


Representative, San Francisco Nection 


W. M. Moopy 


Representative for Aviation Liaison 


R. H. Norris 


Representatives of Other Divisions 


Fuels, B. J. Cross 

Hydraulic, J. D. 

Metals Engineering, W. TRINKS 

Oil and Gas Power, F. G. HECHLER 
Petroleum, J. D. PETERSON 

Power, O. F. CAMPBELL 

Process Industries, ARNOLD WEISSELBERG 
Railroad, L. H. Fry 
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PART 


Research Secretary 


C. F. Kayan 


Members at Large 


R. H. 
G. L. Tuve 


PAPERS 


R. A. BowMAN, Chairman 
G. A. HAWKINS 

C. F. KAYANn 

.. B. SCHUELER 

A. K. Scorr 


TESTING TECHNIQUE 
G. L. Tuve, Chairman 
Bb. J. Cross 
R. H. JACKSON 
J. H. Ruswron 


THERMO-PHYSICAL PROPERTIES OF 
MATERIALS 


J. F. Downie Chairman 
O. KENNETH BATES 

T. H. CHILTon 

R. C. H. Heck 

Max JAKOB 


l 


SUBCOMMITTEE ON SPECIFIC HEAT OF GASES 


Max Chairman 
W. L. De BAUFRE 

J. A. GOorr 

A. C. GULLIKSON 

R. C. H. Heck 

R. L. SweiGcert 


TECHNICAL COMMITTEES 


AIRCRAFT HEAT TRANSFER 
R. H. 


Norris, Chairman 


Direct-Firep FLum HEATERS AND BOILERS 


L. B. SCHUELER, Chairman 
JOHN BLIZARD 

D. S. FRANK 

E. D. GrRiImMIson 

W. J. WoHLENBERG 


HEATED OR COOLED ENCLOSURES 


C. F. Kayan, Chairman 
E. L. KNOEDLER 
W. A. TICKNOR 


INDUSTRIAL FURNACES AND KILNS 


W. TRINKS. Chairman 
H. C. Horrer 
W. A. TICKNOR 


THEORY AND FUNDAMENTAL RESEARCH 


A. P. CoLpurn, Chairman 
L. M. K. BorLrer 

T. B. Drew 

Max JAKOB 

D. D. Srrem 


UNFIRED HEAT TRANSFER EQUIPMENT 
TOWNSEND TINKER, Chairman 
R. A. BOwMAN 
G. A. HAWKINS 
A. C. MUELLER 
B. E. SHorr 
S. P. SoLine 
W. H. THomMPsoN 
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Hydraulic 
Organized, 1926 


E. B. SrrowGer, Chairman 


EXECUTIVE COMMITTEE 


E. B. Chairman 
L. J. Hooper, Secretary 
J. D. ScoviLtLe 
BRUNSWICH SHARP 

R. V. Terry 


CAVITATION 


E. B. SrrowGer, Sponsor 
L. F. Moopy, Chairman 
T. KNapp 

J. M. Mousson 

W. J. RHEINGANS 

G. F. WISLICENUS 


Representatives of Other Societies 
American Society for 
F. N. SPELLER 
Engineering Institute of Canada, ERNEST 
Brown 
Institution of Mechanical Engineers, G. S. 
BAKER 


Testing Materials, 


Representative of France 


A. TENoT 


Representative, San Francisco Section 
W. M. Moopy 


HYDRAULIC PRIME MOVERS 


R. V. Terry, Sponsor 
J. F. Roperts, Chairman 
A. ABERLI 

E. H. 

J. P. Growpen 

L. F. Harza 

P. L. 
GEORGE JESSUP 

F. H. Rogers 

F. SCHMIDT 

. O. SCHOMBERGER 

. H. VAN PATTER 


PUMPING MACHINERY 


Fk. G. Switzer, Sponsor 

R. L. DauGHERTY, Chairman 
B. F. TILtson 

Hans ULMANN 


WATER HAMMER 


J. D. SCOVILLE, Sponsor 

S. LOGAN Kerr, Chairman 

N. R. Grpson 

EUGENE HALMos 

L. F. Moopy 

. S. QuICK 

E. B. STROWGER 

Affiliated Societies and Their 

Representatives 


American Society of Civil Engineers, N. R. 
GIBSON and Forp Kurtz 

American Water Works Association, F. M. 
Dawson and L. H. Kessier 


| 


Hydraulic 


(Continued ) 


Associate Members, Representing: 


Australia, GEORGE HIGGINS 

Brazil, A. W. K. BILLINGs and F. KNapp 

Engineering Institute of Canada, R. W. 
Aneus and F. M. Woop 


France, Louis BrRGERON and CHARLES 
CAMICHEL 

Germany and Verein deutscher Ingenieure, 
D. THOMA 


Great Britain and Institution of Mechani- 
cal Enginers, E. Bruce BALi and A. H. 


GIBSON 

Italy, GAUDENZIO FANTOLI and ALBINO 
PASINI 

Switzerland, CHARLES JAEGER) and 
SCHNYDER 


Machine Shop Practice 


Organized, 1921 


Reorganized, 1941 


See Production Engineering 


Management 
Organized, 1920 


J. M. TA.sor, Chairman 


SXECUTIVE COMMITTEE 


J. M. Chairman 

L. A. ApPLEY, Vice-Chairman 

G. M. Varaa, Secretary 

CARLOS DEZAFRA, Assistant Secretary 
J. M. JURAN 

A. I. PETERSON 

J. A. WILLARD 


Representatives of Local Sections 


Atlanta, S. C. HALE 

Detroit, J. A. CARLIN 

Kansas, A. H. Stuss 
Louisville, C. D. ELpRIDGE 
Metropolitan, M. 8. Symon 
Milwaukee, B. V. E. NoRDBERG 
New Orleans, P. F. Hoots 
Philadelphia, C. 8. GoTwaLs 
Rochester, V. M. PALMER 
San Francisco, B. A. GAYMAN 
Seattle, H. J. McINTYRE 
South Texas, V. M. FaArres 


Representative on Committee on Education 
and Training for the Industries 


LILLIAN M. GILBRETH 


Representative on Aviation Liaison Group 
R. E. GILLMoR 


Representative on War Production 
Committee 


K. H. Conpit 


Research Secretary 
E. H. HeEMPEL 
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GENERAL COMMITTEE 


J. R. Bangs H. HEMPEL 

R. M. BARNES P. E. HotpEN 
W.L. Batr W. F. Hosrorp 
C. W. BEESE D. S. KIMBALL 

F. B. BELL W. H. KusHNIck 
WALLACE CLARK J. K. LoupEN 


KX. H. Conpir T. S. McEwan 
Howarp COONLEY L. C. Morrow 
CARLOS DEZAFRA D. B. Porter 

N. E. ELsas F. E. RAYMOND 

S. P. FISHER J. W. Roe 

W. D. FULLER EK. H. ScHELL 

W. H. GESELL Kk. D. Smira 

L. M. GILpReTu A. R. STEVENSON, Jk 
R. E. L. W. WALLACE 

G. E. HAGEMANN A. WILLIAMS 


Cc. H. Hatcn JOHN YOUNGER 


COMMITTEE CHAIRMEN 


Industrial Marketing, J. R. BANGs 
Quality Control, A. I. PETERSON 
Work Standardization, J. K. LoupDEN 


DEPRECIATION STUDIES 


P. T. Norton, JR. 


Materials Handling 


Organized, 1920 
G. E. HAGEMANN, Chairman 


EXECUTIVE COMMITTEE 


). HAGEMANN, Chairman 

. Dierz, Vice-Chairman 

’. H. BARKER, JR., Secretary 

. J. BURKE, Assistant Secretary 
A. JACKSON 

J. SHEPARD, JR. 


Associates 


H. E. BLANnk, JR. M. W. Ports 
H. C. KELLER SIDNEY REIBEL 


BERNARD LESTER R. B. RENNER 
M. C. MAXWELL E. D. SMITH 
R. H. McLain H. E. SrocKer 


F. E. Moore G. R. WapLeIcu 
P. D. OFSTERLE J. B. 
VIRGIL PALMER 


Junior Associates 


R. W. GRUNDMAN 
D. D. Jones 


CORNELIUS CROWLEY 
Z. GABRIEL 


SAFETY CODE FOR PACKAGE 
CONVEYORS 


H. C. rk, Chairman 


STANDARD NOMENCLATURE 


Chairman to be appointed 


STANDARDIZATION OF SHIPMENTS 
ON SKIDS AND PALLETS 


H. E. Srocker, Chairman 
C. J. BARKER, Secretary 
C. E. Mocurie 

P. F. NypEGGER 

M. W. Ports 


Metals Engineering 
Organized, 1927 
Reorganized, 1940 

(Formerly Tron and Steel) 


W. TRINKS, Chairman 


EXECUTIVE COMMITTEE 


TRINKs, Chairman 
Rk. A. Norru, Secretary 
M. J. DEMPSEY 

J. H. Hrrencock 

J. H. ROMANN 

M. D. 


Associates 


R. G. Sturm 

R. J. WEAN 

S. M. MARSHALL W. R. WEBSTER 
P. M. MUELLER S. M. WEcCKSTEIN 
D. B. RossHEIM T. H. WicKENDEN 
W. M. SHEEHAN A. W. WINSTON 


J. A. CLAUSS 
G. L. Fisk 


Representative, San Francisco Section 


WALTER KASSEBOHN 


Oil and Gas Power 


Organized, 1921 


S. DENNISON, Chairman 


EXECUTIVE COMMITTEE 
Kk. S. DENNISON, Chairman 
L. N. Row.ey, JR., Secretary 
C. E. Beck 
H. E. DEGLER 
C. W. 
k. J. Kates 


Associates 


G. C. Boyer F. G. HeCHLER 


R. D. CAMPBELL P. B. JACKSON 
M. M. Dana B. V. E. NorpBere 
G. J. DASHEFSKY M. J. Reep 


W. L. H. DoyLe 
W. K. Grecory 


LEE SCHNEITTER 


Junior Representative 


HoLLanp 


Research Secretary 


LEE SCHNEITTER 


Representative, San Francisco Section 


Kk. G. GoTrHBERG 


‘ Liaison Representatives 


American Society of Naval Architects and 

Marine Engineers, B. V. E. NorpBere 
Aviation Liaison Group, H. E. Dr@_Ler 
Heat Transfer Division, F. G. HECHLER 
Railroad Division, R. T. SAwyYER 


HONORS AND AWARDS 
J. Kates, Chairman 


C. W. 
ERNEST NIBBS 


RI-12 
( 
( 
( 
J 
| 
| — 


and 


Oil and Gas Power 


(Continued) 
OIL ENGINE POWER COST 


H. C. Masor, Chairman 
H. C. Lenrest, Secretary 
L. BRowNn 

Kk. HALE CoppING 
MALcoLM DUNCAN 

J. H. GALLAWAY 

k. J. Kates 

A. A. LYMAN 

A. B. Morgan 

M. J. REED 

T. M. Rosie 

T. SAWYER 

LEE SCHNEITTER 

P. H. SCHWEITZER 

J. B. Sims 

H. C. THUERK 

C. A. TRIMMER 
STANLEY WRIGHT 


OIL AND GAS POWER CONFERENCES 
1944 Meeting, Location Selection Committee 


H. E. DeeLer, Chairman 
E. Beck 
W. K. GreGoRY 


~ 


PAPERS 


G. C. Boyer, Chairman 
G. J. DASHEFSKY 

P. B. JACKSON 

R. T. SAWYER 


PUBLICITY 


N. Row ey, JR. 


Petroleum 
Organized, 1925 
Reorganized, 1937 


W. F. Herpert, Chairman 


EXECUTIVE COMMITTEE 


W. F. Herpert, Chairman 
W. H. Carson, Secretary 
E. H. Bartow 
H. L. 
Research Secretary 
E. E. AMBROSIUS 
Liaison Representative, San Francisco 
Section 
HERMAN DISHINGTON 
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Power 
Organized, 1920 


THEODORE BAUMEISTER, Chairman 


EXECUTIVE COMMITTEE 
‘THEODORE BAUMEISTER, JR., Chairman 
J. A. Keeru, Secretary 
O. F. CAMPBELL 
L. M. GoLpsMITu 
J. N. LANpbIS 


Liaison Representative, San Francisco 
Section 


E. C. GOTHBERG 


Process Industries 
Organized, 1934 


WILLIAM RaAIscH, Chairman 


SXECUTIVE COMMITTEE 
WILLIAM Chairman 
T. R. Outve, Secretary 
J. W. HuNTER 
A. F. SPeRRY 
ARNOLD WEISSELBERG 
W. R. Woo.ricu 
J. 1. YELLOTT 
F. L. YERZLEY 


Liaison Officer With Standing Committee on 
Professional Divisions 


J. H. SENGSTAKEN 


Research Secretary 


ARNOLD WEISSELBERG 


Other Liaison Representatives 
Aviation Group 
Industrial Instruments and Regulators 
Committee, E. A. SPeRRY 
Heat Transfer Division, ARNOLD WEISSEL- 
BERG 
San Francisco Section, HERMAN DISHING- 
TON 
Society of Automotive Engineers, F. L. 
YERZLEY 


COMMITTEE CHAIRMEN 


Air Conditioning, C. F. Kayan 
Drying, ARNOLD WEISSELBERG 
Food Processing, G. L. MONTGOMERY 
Industrial Instruments and Regulators 
E. 8. Smiru, Chairman 
J. C. Perers, Secretary 
Manufactured and Natural Gas, E. J. Drv- 
LIN 
Mechanical Separation, RIcHARD O’Mara 
Papers, Awards, and Honors, C. E. Lucker 
Program, J. W. HUNTER 
Sanitation, WILLIAM RaIscH 
Sugar, F. M. Gipson 
Sulphur, B. E. Sxorr 
Vegetable Oils. R. W. Morton 
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COMMITTEE ON INDUSTRIAL IN- 
STRUMENTS AND REGULATORS 


E. S. Smiru, Chairman 


E. D. Hateier, Vice-Chairman 
J. C. Perers, Secretary 


Executive Subcommittee 


P. G. EXLINE H. F. Moore 
Rk. L. GoeTzENBERGER G. W. SMITH 
P. W. KEPPLER A. F. Sperry 
W. J. Kine I. M. Srern 

E. S. LEE M. J. Zucrow 


H. L. Mason 


Production Engineering 
Organized, 1941 
(Formerly Machine Shop Practice) 
WarneER SEELY, Chairman 


EXECUTIVE COMMITTEE 


WARNER SEELY, Chairman 
C. L. Tutt, Jr., Secretary 
J. M. ALDEN 

Sot EINSTEIN 

E. K. ERNEST 

R. F. Gage 

ERIK OBERG 


Associates 


A. F. Murray 
E. O. WATERS 


HANS ERNST 
W. J. HaArGest 
A. M. JOHNSON 


Railroad 


Organized, 1920 
J. R. Jackson, Chairman 


EXECUTIVE COMMITTEE 


J. R. Jackson, Chairman 
E. L. Woopwarp, Secretary 
J. G. ADAIR 

K. F. Nystrom 

W. C. SANDERS 

W. M. SHEEHAN 


Research Secretary 
F. H. Clark 


Representative, San Francisco Section 


M. P. 
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Rubber and Plastics Group 


Organized, 1942 


G. M. KLINE, Chairman 


EXECUTIVE COMMITTEE 


. M. Chairman 
>. F. Riesine, Vice-Chairman 
. A. Boyer, Secretary 
. E. JERMY 
. G. KIMMICH 
J. F. D. 
L. YERZLEY 


GENERAL COMMITTEE 


A. L. ALVES M. E. LERNER 
T. S. CARSWELL R. A. Nortu 
D. H. CorNELL 
JOHN DELMONTE 
J. H. DILLON 

L. HAUSHALTER 
G. H. KAEMMERLING W. A. ZINZOW 


R. G. SEAMAN 
J. H. TEEPLE 


H. M. RIcHARDSON 


J. C. TRAVILLA, JR. 
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Textile 


Organized, 1921 


KF. L. BrapLey, Chairman 


EXECUTIVE COMMITTEE 


L. BrRapLey, Chairman 

W. B. Hetnz, Vice-Chairman 
W. W. STArRKE, Necretary 

M. HEARD 

J. D. ROBERTSON 

E. R. STALL 

E. WADSWORTH STONE 

J. W. VAUGHAN, JR. 


Associates 


A. D. ASBURY WINN CHASE 
A. W. BENorr 
W.S. Brown R. DeVeRE Horr 


Southern Representative 


S. B. EARLE 


SUBCOMMITTEE CHAIRMEN 


Activities, W. B. 

Air Conditioning, WENDELL Brown 
Drying. J. D. Ropertson 

Lighting, EARLE MAULDIN 
Lubrication, R. W. VosE 


Power and Heat Utilization, E. WApswortH 


STONE 


M. A. Gotricn, JR. 


Wood Industries 


Organized, 1921 


SERN MADSEN, Chairman 


EXECUTIVE COMMITTEE 


SERN MADSEN, Chairman 

A.C. FEGEL, Secretary 

M. J. MacDonatp, Vice-Chairman 
D. R. Gray 

N. S. JONES 


Associates 


D. May 
. H. McCarruy 
. B. Norris 
T. D. Perry 
A. D. Jr. 
. M. Surron 
CHARLES WHITE 


L. Bascock 

. H. BILHUBER 

. B. CARPENTER 
P. CARTWRIGHT 
E. FrRencu 

W. KeEUFFEL 
A. S. KURKJIAN 
J.S. MATHEWSON 


COMMITTEE CHAIRMEN 


Dimensional Limits and Allowances, SERN 


MADSEN 
Wood Finishing, M. J. MACDONALD 
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LOCAL SECTIONS 


ARTICLE B6A, Par. 17: The Standing Committee on Local Sections shall, under the 
direction of the Council, have supervision of the Local Sections of the Society. 
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STANDING COMMITTEE ON LOCAL SECTIONS 


F. L. WILKINSON, JR., Chairman (1943) 
S. R. BerrLer (1944) OLIVER B. LYMAN (1946) 
(Alternate for F. W. Marquis) A. R. MuMrForp (1947) 

J. A. (1945) 


Junior Adviser 


F. H. Fowier, Jr. (1943) 


REGIONAL GROUP DELEGATES TO ANNUAL CONFERENCES 


Terms expire October, 1943 


R. M. Matson, Speaker for 1942 Conference, Group VIII 
J. B. Jones, Necretary, Group IV 


J. W. Group I A. M. SELVEY, Group V 
W. H. Larkin, Group II B. G. Group VI 


CARL SCHABTACH, Group III H. T. Avery, Group VII 


Terms expire October, 1944 


C.C. Austin. Speaker for 1943 Conference, Group VI 
F.C. RicHARDSON, Necretary, Group I 


W. oS. GLEESON, Group IT R. R. SLAaYMAKER, Group V 
F. S. ErpMan, Group III J. G. MeGivern, Group VII 
W. R. CHAMBERS, Group IV L. J. Cucutivu, Group VIII 


AKRON-CANTON C. W. BELL 
J. R. CONNELLY 


C.R. DiecKMAN 

Territory: Coanties of Richland, Ashland, A. Gorney 
Medina, Summit, Portage, Wayne, 
Stark, Holmes, Tuscarawas, Carroll, 


EXECUTIVE COM MITTEE 


W. P. HILL, Chairman 

A. M. Gomer, Vice-Chairman 
. Managers W. D. Boynton, Secretary-Treasurer 
Ss 


Organized: 1920 


W. GREACEN 


; H. F. HATFIELD 
and Coshocton in Ohio ; 


M. BeNJES 
E. BRILLHART 


LLoyp 
Place of Meeting: As selected monthly W. G. McLean | Tr 
Number of Members: 189 > 


W. E. ANDERSON 


F. Merriam 


J. W. Biiss | J. H. Porrer 
EXECUTIVE COMMITTEE BLoom | 

O. J. Horcer, Chairman S: I. > Assistant Managers JUNIOR GROUP 
A. Suerier, Vice-Chairman J. B. Lavpie | 
D. H. CorRNELL, Secretary-Treasurer L. E. Myitine | 
M. R. BoweRMAN H 
Rk. W. Hursu 


H. W. Hype. Chairman 
D. H. Fax, Vice-Chairman 


C. SCH WEIKART H. H. Severn, Necretary 


E. M. BENJES 
( JOHN DOERING 
es H. ANCE ATLANTA F. J. JEFFERS 
A. G. WALKER 


H. R. Knust 


Organized: 1913 
Territory: Radius of sixty miles from At- 


ANTHRACITE-LEHIGH VALLEY lanta, Ga. BIRMINGHAM 
Place of Meeting: Atlanta Athletie Club 
Organized: 1920, as Lehigh Valley; reor- Luncheon meeting every Monday at 12:30 Organized: 1915 
ganized, 1928, as Anthracite-Lehigh p.m. at Atlanta Athletie Club lerritory: Radius of sixty miles from Bir- 
Valley Number of Members: 94 mingham, Ala. 
Territory: Counties of Bradford, Susque- Place of Meeting: Tutwiler Hotel 


hanna, Wayne, Sullivan, Wyoming, Number of Members: 83 

Lackawanna, Columbia, Luzerne, Mon- 

roe, Pike, Schuylkill, Carbon, Berks, JOHN RivrELMEYER, Chairman 


Lehigh, Northampton in Pennsylvania, MCALPIN, Vice-Chairman 


EXECUTIVE COM MITTEE 


EXECUTIVE COM MITTEE 


and Warren in New Jersey J. W. Parker, JR., Secretary T. M. Francis, Chairman 
G. F. ALLEN H. G. Mowat, Vice-Chairman 
Place of Meeting: One meeting annuaily at 1A D \. H. Bia. Secretar 
Allentown, Bethlehem, Easton, Hazle y 
ton, Pottsville, Reading, and L. Ht M. 
Wilkes-Barre A. C. KEISER G. M. Rust 


Local Organization: The Engineers’ Club , 


of Lehigh Valley 


BOSTON 
Number of Members: 215 BALTIMORE 
Organized: 1909 
Executive CoM MITTEE Organized: 1916 Territory: Radius of thirty miles from Bos- 
oe : ale mi Territory: Radius of thirty miles from Bal- ton, Mass. 
J. A. Gisn, Jr., Chairman timore, Md. 


Place of Meeting: Mass. Inst. of Technology 
W. TALLGREN oe Place of Meeting: Engineers Club of Bal- Local Organization: Engineering Societies 
R. timore of New England 

C. H. FoLMssBee, Secretary-Treasurer Number of Members: 317 Number of Members: 619 


BOSTON 
(Continued) 
EXECUTIVE COMMITTEE 


KERR ATKINSON, Chairman 

G. A. OrroK, JR., Vice-Chairman 
R. A. SPENCE, Secretary-Treasurer 
H. N. Kine 

S. S. Perry 

J. A. POWELL 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organizations: The Bridgeport Tool 
Engineers Association; The Bridgeport 
Engineers Club 

Number of Members: 164 


EXECUTIVE COMMITTEE 


Beck, Chairman 
J. M. LUCARELLE, Vice-Chairman 
W. H. Snirren, Secretary 
. W. Hagan, Treasurer 
L. Corcoran 

. A. IBoLp 

N. HoaGLanp 

. J. RICHMOND 

W. Roe 

D. SKINNER 

. R. SPAULDING 

. P. Wicks 


BUFFALO 


Organized: 1915 

Territory: Radius of thirty miles from 
Buffalo, N.Y. 

Place of Meeting: Mareen Hotel, Main St. 
at Utica 

Local Organization: Engineering Society of 
Buffalo 

Number of Members: 200 


EXECUTIVE COMMITTEE 


Z 


N. C. BARNARD, Chairman 

. A. Ross, Vice-Chairman 

. R. Burmester, Acting Secretary 
. E. HARRINGTON, 7'reasurer 

. M. KAUFFMANN 

. G. KIPLINGER 

A. MILLER 

N. S. SNYDER 

STEPHEN WAGNER 

J. L. YATES 


Born 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Edgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 120 
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EXECUTIVE COMMITTEE 


L. J. FLercuHer, Chairman 

C. H. Caspere, Vice-Chairman 

R. E. McCratn, Secretary-Treasurer 

J. L. DeFFENBAUGH, Assistant Secretary- 
Treasurer 

W. L. H. DoYLe 

H. G. KNIESE 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Place of Meeting: Indianapolis Athletic 
Club 

Local Organization: Indiana Engineering 
Society 

Number of Members: 170 

EXECUTIVE COMMITTEE 

R. B. Chairman 

H. A. Vice-Chairman 

M. E. Secretary-Treasurer 

R. B. Bass 

G. L. FOWLER 

R. W. GAUSMANN 

D. H. 

D. P. Morse 

W. C. WISCHMEYER 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and AI- 
toona, Pa. 

Number of Members: 71 

EXECUTIVE COM MITTEE 

J.O. P. HUMMEL, Chairman 

H. A. SoRENSEN, NSecretary-Treasurer 

J. S. 

F. T. Mavis 

R. Y. SigwortH 

F. C. STEWART 

H. C. THUERK 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles frem Chi- 
cago, Ill. 

Headquarters: Mid-West A.S.M.E. Office, 
Room 1617, 205 West Wacker Drive, 
Chicago, Ill. 

Place of Meeting: Civic Opera Bldg., 20 N. 
Wacker Dr. 

Meetings: Tuesday, 7:30 p.m. 


Local Organization: Western Society of En- 


gineers 

Number of Members: 899 
EXECUTIVE COMMITTEE 

J. R. Chairman 

H. M. Biack 

J. P. Macos 

J. C. MARSHALL 

V. L. SHERMAN 

P. A. STEPHENSON 

F. B. Orr, Secretary-Treasurer 

C. C. AUSTIN 

R. H. Bacon 

C. B. CoLe 

L. M. ELLIson 

A. H. JENS 

L. M. JOHNSON 

. R. KENDALL 


Vice-Chairmen 


J. S. Kozacka 
F. H. LANE 

T. S. McEwan 
H. L. NACHMAN 
W. H. OLpAcRE 
C. W. Parsons 
H. S. PHILBRICK 
RALPH SARGENT 
KARL TRANZEN 
R. E. TURNER 
C. L. WacHs 

J. 1. YELLorr 


CINCINNATI 

Organized: 1912 

Territory: Radius of thirty miles from Cin 
cinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms 
Ninth & Race Sts. 

Loeal Organization: Engineers’ Club of Cin 
cinnati 

Number of Members: 211 

EXecuTIvVE COM MITTEE 

H. B. Branpt, Chairman 

Hans Ernst, Vice-Chairman 

R. L. Smiru, Secretary-Treasurer 

H. L. Haworru 

R. S. Hyatt 

C. A. JOERGER 

E. M. Marrecvorrt 

J. G. MARTIN 

F. W. SpaALpING 

E. B. Wooprurr 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga. 
Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Cleveland Engineering 
Society Club 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 323 


EXECUTIVE COM MITTEE 


R. SLAYMAKER, Chairman 
R. MeCartriy, Secretary 
A. G. TRUMBULL, Treasurer 


F. A. BARNES 

F. W. Brooks 

L. C. CoLe 

J. P. DEARASAUGH 
H. M. HAMMOND 
E. 

W. G. STEPHAN 


COLORADO 


Organized: 1919 

Territéry: Entire State of Colorado 

Place of Meeting: Albany Hotel, Denver. 
Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Engi 
neers) 

Number of Members: 93 

EXECUTIVE COM MITTEE 

DurBIN VAN Law, Chairman 

H. L. Harrepure, Vice-Chairman 

G. H. Necretary-Treasurer 

F. A. Lockwoop 

N. A. PARKER 

F. H. Provutry 

A. RICHTER 


R. F. THRONE 
J. T. STRATE 


Q 
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COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 

Number of Members: 83 


EXECUTIVE COM MITTEE 


H. M. BLANK, Chairman 

S. M. Marco, Vice-Chairman 

Kk. J. LInpau, Secretary-Treasurer 
V. L. Davis 

Z. GILLIVAN 

. E. HANEY 

R. LIMBACHER 

J. L. Purpy 


DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 
Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: Engineers’ Club of 
Dayton 

Number of Members: 145 


EXECUTIVE COM MITTEE 


M. Keuiy, Chairman 

W. P. Vice-Chairman 
D. C. KeENNARD, Secretary 

A. W. KIMMEL, Treasurer 
C. W. BALL 

L. R. Brince 

H. M. Gano 

J. J. HEALY 

H.C. Wieut 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from De- 
troit, Mich. 

Place of Meeting: Place varies 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 502 


EXECUTIVE COM MITTEE 


J. W. Armour, Chairman 
C. R. ALDEN, Secretary-Treasurer 
C. L. BRATTIN 

P. W. LEHMAN 

L. W. LENTZ 

R. W. PARKINSON 

J. H. Spurgeon 

H. L. WALTON 

K. Wetpy 

HerRBERT WELLS 

T. E. WINKLER 

A. M. Setvey, E2-Officio 


JUNIOR Group 


B. H. Wess, Chairman 
R. F. Beran 

V. A. RussNaAcK 

R. W. Voruees, JR. 


EAST TENNESSEE 
Organized: 1922 


Territory: All counties in Tennessee east of 
the west boundary of Scott. Morgan, 
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Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 

Place of Meeting: Places varies 

Local Organization: Chattanooga Engi- 
neers Club and Knoxville Technical 
Club 

Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 

Number of Members: 111 


EXECUTIVE COMMITTEE 


W. R. CHAMBERS, Chairman 
W. S. Moorenouse, Vice-Chairman 


J. Mack Tucker, NSecretary-Treasurer 


A. F. G. BEDINGER 
W. F. HAMLIN 

J. A. HUNTER 

C. B. KerRNs 

R. T. MATHEWS 
D. C. SHERMAN 


Organized: 1917 
Territory: Radius of thirty miles from 
Erie, Pa. 
Place of Meeting: Erie County Court House 
Number of Members: 95 
EXECUTIVE COM MITTEE 
k. C. IMs, Chairman 
G. H. KAEMMERLING, Vice-Chairman 
F. B. SCHNEIDER, Necretary-Treasurer 
G. W. Bacu 
F. G. 
H. Gorrz 
C. 1. RAINESALO 
McDonap S. REED 
H. B. Joyce, Exr-Officie 


FLORIDA 


Organized: 1925 
Territory: State of Florida 
Place of Meeting: Various Cities in State 
Local Organization: Florida Engineering 
Society, Gainesville, Fla. 
Number of Members: 82 
EXECUTIVE COM MITTEE 
W. E. Drew, Chairman 
JoHN 1st Vice-Chairman 
T. H. GARDNER, 2nd Vice-Chairman 
R. A. THOMPSON, Secretary 
CHARLES BEENSEN 
A. B. HALE 


A. Ropert MAJor 
H. N. Evuis, Student-Chairman 


FORT WAYNE 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa- 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Loeal Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 37 


EXECUTIVE COM MITTEE 


W. H. Connor, Chairman 
K. K. Cooper, Vice-Chairman 
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S. Buck, Secretary 

R. P. LoveLAND, Treasurer 
W. L. Knaus 

F. L. Ruorr 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover. 
N.H. 

Place of Meeting: Springfield. Windsor, 
Vt., and Claremont, N.H. 

Loeal Organization: Vermont Engineering 
Society 

Number of Members: 53 


EXECUTIVE COMMITTEE 


C. H. Apams, Chairman 

F. T. Gear, Vice-Chairman 

F. A. JoHNSON, Secretary-Treasurer 
E. D. CLARK 

H. L. DAAscH 

D. T. HAMILTON 

J. B. JOHNSON 


GREENVILLE 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, 8.C., Canton. 
Asheville, and Enka, N.C. 

Number of Members: 37 


EXECUTIVE COMMITTEE 


R. B. Futter, Chairman 

R. H. CHAPMAN, Vice-Chairman 

J.C. Wuirenurst, Secretary-Treasurer 
B. E. Fernow 

C. R. Hoey 

J. A. McPHERSON 

R. S. Pruirr 

W. TINDALL 

J. W. VAUGHAN, JR.. Ex-Officio 


HARTFORD 


Organized: 1917, as Branch of Conn. See- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Place of Meeting: Hartford Electric Light 
Company 

Number of Members: 194 


EXECUTIVE COMMITTEE 
L. C. Smiru, Chairman 
E. R. Lewis, Jr. 
HeNRY MICHELSEN 
G. E. Secretary-Treasurer 
J. S. APPLEYARD 
HERBERT BuRDICK 
T. F. Cassipy 
F. O. HoaGLanp 
R. D. KELLER 
W.S. PAINE 
H. F. Ram 
C. H. RICHARDSON 
G. E. STANWAY 
C. C. STEVENS 
S. J. TELLER 
R. M. Treat 


na) 


INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State 
of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 
ern Idaho 

Place of Meeting: 
kane 

Luncheons: Wednesdays at 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Number of Members: 19 


Davenport Hotel, Spo- 


12:00 noon, 


EXECUTIVE COM MITTEE 
J. G. MoGivern, Chairman 
F. W. CANDEE, Vice-Chairman 
N. W. Humpnrey, Secretary-Treasurer 
ALEXANDER LINDSAY 
L. J. Pospist 
E. B. PARKER 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Alternately in different 
cities of Section territory, as an- 
nounced 

Number of Members: 80 


EXECUTIVE COMMITTEE 


C. LYMAN WILDER, Chairman 

S. S. Garrett, Vice-Chairman 

¥. S. ErpMAN, Secretary-Treasurer 
D. S. KIMBALL 

W. M. Sawpon 

M. P. WHITNEY 

N. R. WICKERSHAM 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 
Kansas City 

Number of Members: 117 


from 


EXECUTIVE COMMITTEE 


M. A. DurRLAND, Chairman 

F. R. ApPLeGate, Vice-Chairman 

R. P. Hann, Secretary 

C. E. Pearce, Treasurer 

E. E. AMBROSIUS 

E. M. Bruze ius, JR. 

H. L. CrAIn 

H. E. MANUEL 

L. T. Mart 

J. R. STONE, Ex-Officio 

LOUISVILLE 

Organized: 1922 

Territory: Radius of thirty miles from 
Louisville, Ky. (includes Lexington, 
Ky.) 


Place of Meeting: University of Louisville, 
Louisville, Ky. 

Local Organization: 
tects Club 

Number of Members: 


Engineers and Archi- 


72 
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EXECUTIVE COM MITTEE 


W. F. Lucas, Chairman 

J. K. Meyer, Vice-Chairman 
H. V. Heuser, Secretary 

C. D. Evpringe, Treasurer 
N. W. CuMMINS 

H. C. Murpny 

J. H. ROMANN 


MEMPHIS 


Organized: 1923 

Territory: Radius of sixty miles from 
Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
city of Little Rock 

Number of Members: 30 


EXECUTIVE COM MITTEE 
W. H. Roperts, Chairman 


J. A. MOLLINO, JR.. Secretary-Treasurer 
Mack D. Rust 


METROPOLITAN 


Organized: 1910 

Territory: Metropolitan 
York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
York, N.X. 

Number of Members: 3,532 


District, New 


EXECUTIVE COMMITTEE 
G. J. Nicastro, Chairman 
H. C. R. Carson, Secretary 
ADOLF ENBRECHT, 7'reasurer 
W. S. GLEESON 
G. E. HAGEMANN 
W. H. LARKIN 
H. E. Martin 
P. T. ONDERDONK 
C. B. Peck 
F. D. Carvin, Ex-Officio 


JuNIoR Group 


C. C. Kirspy, Chairman 

F. H. Fow er, Jr., Vice-Chairman 
F. M. Gipson, Jr., Secretary 

J. S. HUNTER 

E. J. 

R. A. ROBERTSON 

H. B. Strone 


MID-CONTINENT 


Organized: 1919 

Territory: Entire State of Oklahoma; ter- 
ritory in Arkansas not included in 
Memphis Section; part of Louisiana; 
and territory in Texas north of the 
southern boundaries of the counties 
of Gaines, Dawson, Bordon, Scurry, 
Fisher, Jones, and Shackelford 

Place of Meeting: Usually Mayo Hotel, 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 138 


EXECUTIVE COMMITTEE 


W. L. Ducker, Chairman 
V. C. GILLON 
H. T. Sears 
R. H. Treep 
G. WILENZICK 


Vice-Chairmen 


J. H. Keyes, Secretary 
>. H. PARKER, Treasurer 
G. AYERS 

C. BAKER 

D. O. BARRETT 

D. A. Cant 

R. A. 

Epwarp DoLezaAL 

C. O. GLASGOW 
NATHAN JANCO 
GWYNNE RAYMOND 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Mil 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society ot 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 279 


EXECUTIVE COMMITTEE 
R. J. SMITH, Chairman 
L. MARTIN, Necretary-Treasurer 
W. D. Biiss 
. H. Dorner, Jr. 
. F. ESERKALN 
W. C. LINDEMANN 
J. H. STANEK 
LaRue H. Stark 


| 


JUNIOR Group 


J. H. STANEK, Chairman 
M. E. Rugss, Secretary 
J. J. DRINKA 

R. J. Fosran 

SEBASTIAN JUDD 

J. L. MARTIN 

J. E. PETERMAN 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi 
tectural and Engineering Societies 

Number of Members: 101 


EXECUTIVE COM MITTEE 


L. C. Spracue, Chairman 

W. H. Erskine, Vice-Chairman 

L. SP Wuitson, Secretary-Treasurer 
CHARLES FOSTER 

R. W. Jones, JR. 

L. G. STRAUB 

M. S. WUNDERLICH 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Counc! 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Clubs ot 
Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 

Number of Members: 35 


a 
bs ol 


pon at 


Mon- 


NEBRASKA 
(Continued) 
EXECUTIVE COMMITTEE 
J. K. Lupwickson, Chairman 
G. A. Rogers, Vice-Chairman 
EK. V. PerKINS, Secretary-Treasure) 
W. L. De BAUFRE 
C. F. MouLton 
W. F. WEILAND 


NEW HAVEN 


Organized: 1912, reorganized, 1923 

Territory: Portions of New Haven and 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 84 


EXECUTIVE COM MITTEE 
F. C. RicHARDSON, Acting Chairman 
G. H. Eaton, Vice-Chairman 
F. W. Preston, Acting Secretary-Treasurer 
A. F. BREITENSTEIN 
A. D. WiLcox 
L. H. Von OnLSEN, Ev-Officio 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: Room 422. St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 

Number of Members: 118 


EXECUTIVE COM MITTEE 
L. J. Chairman 
H. W. WATERFALL, Vice-Chairman 
A.M. Secretary-Treasurer 
M. C. ABRAHM 
L. Cowan 
C. R. HAMMETT 
J. K. MAYER 
A. McLELLAN 


NORTH TENAS 


Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and center, includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro, Swisher, Briscoe, 
Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical Club of 
Dallas 

Number of Members: 116 


EXECUTIVE COM MITTEE 
H. M. Roprnson, Chairman 
D. C. Prerrrer, Vice-Chairman 
Ek. J. Wacker, Secretary-Treasurer 
J. CHATTEY 
P. M. 
J. A. NoYes 
F.C. Justice, Ex-0 ficio 
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STUDENT CHAIRMEN 


HvuGH CAMPBELL, Southern Methodist Uni- 
versity 

HARLAN Texas Technological Col- 
lege 


NORWICH 


Organized: 1930 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: New London Junior 
College, Pequot Ave.. New London, 
Conn 

Number ot Members: 52 


EXECUTIVE COM MITTEE 
A. W. Luce, Chairman 
J. S. LEONARD, Necretary-Treasurer 
W. E. BEANEY 
G. A. CREIGHTON 
K. P. HANSON 
W. A. Harpy 
GEORGE SANDOR 


ONTARIO 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Hart House, University 
of Toronto 

Number of Members: 167 


EXECUTIVE COM MITTEE 
H. H. AnNGus, Chairman 
S. G. CLARKE, Vice-Chairman 
ERNEST JONES. Necretary-Treasurer 
T. H. 
C. R. Davis 
H. G. 
T. S. JARDINE 
K. D. Lerrcn 
W. G. McInrosu 
A. A. MOLINE 
W. D. SHELDON 
A. D. Smiru 
FreD’K TRUMAN 


JuNtoR Group 


J. M. Van WINCKLE, Chairman 
C. E. Beynon, Secretary-Treasurer 
W. J. FRASER 

A. D. Hoge 

D. R. 


OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Loeal Organization: Oregon Society of En- 
gineers 

Number of Members: 55 


EXECUTIVE COMMITTEE 
L. T. Hays, Chairman 
E. P. WeIser, Vice-Chairman 
M. M. CLAYTON, Secretary 
A. J. CHaput, Treasurer 
A. D. HuGHes 
G. F. 
A. A. OstpovicH 
Tom PERRY 
E. D. Rowan 
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PENINSULA 
Organized: 1925 
Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee. 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 
Luncheon Meeting last Thursday noon 
each month 
Loeal Organization: 
Grand Rapids 
Number of Members: 54 


Engineers’ Club of 


EXECUTIVE COMMITTEE 
J. M. Gorrie. Chairman 
DonaLp McSortey, Ist Vice-Chairman 
K. E. Crowser, 2nd Vice-Chairman 
C. J. KUENZEL, Necretary-Treasurer 
C. P. Buck 
J. R. HAMER 
G. E. GEBBEN 
C. G. LOHMANN 
H. WARING 
C. A. HAMILTON, E.w-O fficio 


PHILADELPHIA 
Organized: 1912 
Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia. Delaware, Pa., 
and the State of Delaware 
Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 
Luncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 1.090 


Philadelphia Engi- 


EXECUTIVE COMMITTEE 
C. S. GorwaLs, Chairman 
L. N. GuLick, Vice-Chairman 
F. W. MILLer, Secretary-Treasurer 
J. P. CLARK 
S. T. MACKENZIE 
J. J. MeCartuy 
J. S. MoreHouse 
M. C. RANDALL 
B. W. Wess 
R. W. Worry 


JuNntor Group 


W. B. Chairman 

+. G. MARTINSON, Vice-Chairman 
R. D. Sraprer, Secretary 

R. D. Suoar, Treasurer 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch. 1923; as a Section 
1927; name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 

Luncheon Meeting every other Monday at 
1:00 p.m. at Efirds Department Store 
Dining Room 

Local Organization: Charlotte Engineers 
Club 

Number of Members: 45 


EXECUTIVE COMMITTEE 


A. G. LECLERC, Chairman 
I. W. Leeeetr, Vice-Chairman 
T. O. SILts, Secretary-Treasurer 
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PIEDMONT—NORTH CAROLINA 
(Continued) 


F. F. BAHNSON 

B. L. Corron 

IsAAc FIDLER 

F. JACKSON 
R. W. OLIvE, Ex-Officio 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by aud includ- 
ing Beaver, Butler, Venango, Forest, 
Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington, Pa. 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 496 


EXECUTIVE COM MITTEE 


T. J. Barry, Chairman 

L. E. F. WAHRENBURG, Vice-Chairman 
E. W. Jacosson, Secretary 

K. F. Trescnow, T7'reasurer 

R. P. AMBROSE 

T. G. Estep 

J. N. Evans 

J. C. Hoar 

R. E. PETERSON 

KENNETH SEAVER 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth, Bound Brook, 
Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, 
Elizabeth, and Plainfield Masonic Tem- 
ple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 211 


EXECUTIVE COMMITTEE 


G. E. Leavitt, JRr., Chairman 
P. F. NypreacGer, Vice-Chairman 
W. T. CurisTorHeER, Secretary 
J. D. Porter, Treasurer 

K. A. REEVE 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from 
Providence, R.I. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: 
ing Society 

Number of Members: 168 


Providence Engineer- 


EXECUTIVE COMMITTEE 


J. D. Ropertson, Chairman 
R. M. Scorr, Vice-Chairman 
E. W. Harrineton, Secretary-Treasurer 
J. S. CHAFEE 

J. D. ELDERT 

G. W. KELSEY 

P. N. KISTLER 

ALFRED MACGILLIVRAY 

A. WILLIAM MEYER 

P. V. MILLER 

R. L. WALES 
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RALEIGH 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of 
Raleigh, N.C. 

Places of Meeting: North Carolina State 
College, Raleigh, N.C.; Duke Univer- 
sity, Durham, N.C. 

Local Organizations: North Carolina So- 
ciety of Engineers, Raleigh Engineers 
Club 


Number of Members: 35 


sixty miles from 


EXECUTIVE COMMITTEE 
F. B. Turner, Chairman 
F. J. Reep, Vice-Chairman 
F. C. Braae, Secretary 
G. W. Barry 
R. B. Rice 
R. M. 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty 
Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sagamore Hotel 

Local Organization: Rochester Engineering 
Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sagamore Hotel 

Number of Members: 115 


miles from 


EXECUTIVE COMMITTEE 


W. D. Woop, Chairman 

A. W. Scuuster, Vice-Chairman 

I. G. McCuesney, Secretary-Treasurer 
W. J. Brown 

C. A. ELwoop 

A. W. Moxon 

F. D. PUNNETT 

A. E. SCHELL 

S. C. Stacy 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Thirty miles east and west of 
Madison, Wis., and extending south- 
ward through Rockford, IIl. 


Meeting Places: Madison, Wis., Beloit, 
Wis., and Rockford, IIl. 
Local Organization: Rock River Valley 


Engineering Council 
Number of Members: 52 


EXECUTIVE COMMITTEE 


B. G. Chairman 

K. H. Casson, Vice-Chairman 

D. W. NELson, Secretary-Treasurer 
W. K. Cocuran 

E. L. DAHLUND 

C. A. JACOBSON 

J. C. WHITE 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: South Bend, Ind. 

Number of Members: 52 


EXECUTIVE COMMITTEE 


L. E. Wappineton, Chairman 
E. T. Coss, Secretary 


C. R. 

W. D. A. PEASLEE 
C. C. Witcox 

O. E. E. ZaHn 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St 
Louis, Mo. 

Place of Meeting: 

Local Organization: 
Louis 

Number of Members: 220 


Place varies 
Engineers’ Club of St 


EXECUTIVE COM MITTEE 
R. C. THuMserR, Chairman 
C. B. Briscor, Vice-Chairman 
H. B. Secretary-Treasurer 
HERBERT KUENZEL 
R. W. MERKLE 
ALBERT VIGNE 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the north 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club. 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San 
neers’ Club 

Number of Members: 420 


Francisco Engi 


EXecuTiveE COMMITTEE 


G. N. SOMERVILLE, Chairman 


R. B. Puass, Vice-Chairman 
W. H. Kassesoum, Secretary-Treasure: ( 
H. T. Avery 


W. S. Everett 
ALF HANSEN 
A. K. INGRAHAM 


Group 


E. D. Kane, Chairman 
E. E. Potomik, Vice-Chairman 


P. B. Dawson, Secretary : 
SAVANNAH 
P 


Organized: 1923 

Territory: Radius of 125 miles from Savan N 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 


Savannah Chamber of Commerce H 
Number of Members: 22 
EXECUTIVE COMMITTEE 
W. L. JR., Chairman 
A. M. Vice-Chairman B. 
B. J. Sams, Secretary-Treasurer H. 
W. H. ArTLEY 
A. P. KEISKER M. 
L. C. RoESsEL Ra 
SCHENECTADY 

Organized: As a Branch, 1919; as a Section, 

1927 

Territory: Radius of thirty miles from Ors 
Schenectady, N.Y. Ter 


Place of Meeting: Rice Hall 
Number of Members: 259 


SCHENECTADY 
(Continued) 
EXECUTIVE COM MITTEE 
STANFORD NEAL, Chairman 
D. C. Brecut 
A. P. + Vice-Chairmen 
KE. L. THEARLE } 
L. A. Gore, Secretary 
J. E. RYAN, Treasurer 
H. E. BRUNELLE 
D. R. Epwarps 
R. G. MCANDREW 


SOUTHERN CALIFORNIA 


Organized: 1915 as Los Angeles Section; 
reorganized 1941 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 568 


EXECUTIVE COMMITTEE 


J. CALVIN Brown, Chairman 

J. S. GALLAGHER, Vice-Chairman 

t. G. RosHonG, Secretary-Treasurer 
D. K. CoyLe 

B. M. PALM 

D. K. RoLtow 

Epwarp TIMBS 

LLoyp Yost 

P. L. ARMSTRONG, JR., Ex-Officio 


JUNIOR Group 


W. H. SHALLENBERGER, Chairman 
C. M. SANDLAND, Secretary 
W. K. BorricHer 


San SUBCOMMITTEE 


J. L. Bacon, Chairman 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: No fixed meeting place, 
but all meetings held in Houston 

Number of Members: 181 


EXECUTIVE COMMITTEE 


H. F. Chairman 

H. E. Vice-Chairman 
S. G. KersHner, Secretary-Treasurer 
Joun Doecert, JR. 

J.B. T. Downs 

V. M. Farres 

B. W. FarQquHAR 

H. G. 

J. J. Kine 

M. H. Korzesur 

RALPH NEUHAUS 


C. L. Orr 
F. D. RAHM 
SUSQUEHANNA 
Organized: 1927 
Territory: Counties of Cumberland, Dau- 


phine, Lebanon, Adams, York, and Lan- 
caster 
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Place of Meeting: Engineering Society of 
York, and at Lancaster Twice a Year 

Local Organization: Engineering Society 
of York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 85 


EXECUTIVE COMMITTEE 
Ss. P. SoLtine, Chairman 
Jacos Fiscn, Vice-Chairman 
T. K. Brepa, Secretary 
M. F. GANNETT 
M. G. LEESON 
E. T. P. NEUBAUER 
O. E. WEBER 


SYRACUSE 


Organized: 1920 
Territory: Radius of thirty miles from 
Syracuse, N.Y. 

Place of meeting: Ball Room of the Onon- 
daga Hotel 
Local Organization: 
of Syracuse 
Number of Members: 84 


The Technology Club 


EXECUTIVE COMMITTEE 
D. V. SHETLAND, Chairman 
M. F. Vice-Chairman 
E. A. FattmMezcer, Secretary-Treasurer 
L. E. Porter, Assistant Secretary-Treasurer 
H. T. AVERY 
C. F. Dierz 
W. E. Hopton 
E. R. JEFFERSON 
J. W. Linrorp 
M. B. Mover 
E. K. RuHopes 
1. VINCENT 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from 
Toledo, Ohio 

Place of Meeting: 

ledo, Ohio 

Local Organization: Affiliated Technical 
Societies of Toledo 

Number of Members: 57 


University Club, To- 


EXECUTIVE COMMITTEE 
SypDNEY Bevin, Chairman 
N. W. DorMAN, Vice-Chairman 
N. K. ANpeRSON, Secretary-Treasurer 
T. L. HALLENBECK 
R. F. 
B. H. KEYSERLING 
H. O. KrRanicu 
W. C. SCHROEDER 
E. W. WEAVER 
H. L. YARYAN, JR. 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty miles from 
Moline, Ill. 

Place of Meeting: Rock Island, Ill., Moline, 
Ill., and Davenport, Iowa. 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 

Number of Members: 80 


EXECUTIVE COMMITTEE 


K. R. Hopees, Chairman 
P. E. ANDERSON, Vice-Chairman 
C. A. Caruson, Secretary-Treasurer 
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R. M. BarNes 
R. A. Cross 
J. M. HARTMAN 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: Utah Society of Pro- 
fessional Engineers 

Number of Members: 41 


EXECUTIVE COMMITTEE 


G. W. Carter, Chairman 

H. L. ZerreERMAN, Vice-Chairman 

R. D. Baker, Secretary-Treasurer 

E. L. KorrMANN 

R. E. KUNKEL 
J. P. OLGARDT 


VIRGINIA: 
Organized: 1919 
Territory: State of Virginia 


Place of Meeting: Richmond, Norfolk, 
Blacksburg, Charlottesville, Roanoke, 
University, Petersburg 

Local Organization: Central Virginia En- 
gineers Club of Hampton Roads 

Number of Members: 224 


EXECUTIVE COM MITTEE 


J. B. Jones, Chairman 

D. A. Roger, Vice-Chairman 

F. S. Roop, Jr., Secretary 

W. J. BARBER, Treasurer 

Otis N. 

H. R. Hopkins 
G. E. Hopper, Jr. 

M. L. IRELAND, JR. 

ARTHUR Roperts, JR. 

H. C. WINTZER 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & E Sts., 
Washington, D.C. 

Number of Members: 453 


EXECUTIVE COMMITTEE 


J. W. Huckert, Chairman 

C. E. MiLter, Vice-Chairman 

E. J. LANg, Secretary-Treasurer 
W. P. GREEN 

MICHEL 

W. B. Enstncer, Ex-Officio 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 74 


EXECUTIVE COMMITTEE 


A. L. ALves, Chairman 

J. R. Hicks, Vice-Chairman 

A. W. MIner, Secretary-Treasurer 
P. E. PETERSEN 

W. C. SCHNEIDER 

R. S. Sperry 

R. S. Storrs 

C. M. WARNER 
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WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 83 


EXECUTIVE COM MITTEE 


. A. PACKARD, Chairman 

. LOVELL SMITH, Vice-Chairman 

. A. Bartiett, Secretary-Treasurer 
. F. MALcoLM 

. WADSWORTH STONE 

. F. Duper, Ex-Officio 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of, 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 

Number of Members: 195 


Seattle Engineers’ 
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EXECUTIVE COM MITTEE 


. SCHAAL, Chairman 

. GAYER, Vice-Chairman 

. Cooper, Necretary-Treasurer 
. BLUMBERG 

. BUTLER 

. FASSETT 

. SHovar, Er-Officio 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South 
of Parallel 39 

Place of Meeting: Charleston, W.Va. 

Number of Members: 40 


EXECUTIVE COMMITTEE 


. G. MILLER, Chairman 
. L. Hupson, Vice-Chairman 
. L. BARKER, JR., Secretary-Treasurer 
J. Huser, Jr., Assistant Secretary- 
Treasurer 
. S. BLOOMSBURG 
A. H. CANNON 
. L. CARSPECKEN 
. F. MALLoy 
. B. McQUAIDE 


WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from 
Worcester, Mass. 

Place of Meeting: Sanford 
Worcester Poly. Inst. 


Riley Hall, 


Local Organization: Worcester Engineer- 
ing Society 


Number of Members: 131 


Executive CoM MITTEE 
G. H. Chairman 
H. P. CRANE, Vice-Chairman 
W. F. Beru, Secretary-Treasurer 
L. R. 
L. J. Hooper 
C. M. MacManon 
W. MIerRKE 
E. SrTRANDBERG 
W. M. 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 
Mercer and Lawrence in Pennsylvania 
Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St.. Youngstown, 
Ohio 
Number of Members: 64 


EXECUTIVE COM MITTEE 
H. W. Smiru, Chairman 
L. A. KLIngE, Vice-Chairman 
C. W. Foarp, Secretary-Treasurer 
J. Bowers 
C. H. LEGLER 
W. J. LONGACHER 
H. E. 


N. J 
G. F 
2 D.G 
Cc. B 
A 
: R 
E 
J 
( 
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®TUDENT BRANCHES 


ArTICLE B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 
and schools of accepted standing. 
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STANDING COMMITTEE, RELATIONS WITH COLLEGES 
J. 1. Yecrorr, Chairman (1943) 
H. (1944) 
G. L. SULLIVAN (1945) 
i. P. Reece (1946) 
H. J. Brown (1947) 


Advisory 
-Vembers 


| (1943) 


A. D. Hugues 

HERBERT 
R. H. Portrr 
J. W. ZELLER 


C. K. HoLianpb, Junior Adviser (1943) 


Communicate with Student Branch through Honorary Chairman 


Year No.of 
Author- Mem 
Name and Location ized ~~ bers t Chairman Secretary Honorary Chairman 

Akron, Univ. of, Akron, Ohio 1924 49 Z. N. Harris R. M. KALLGREN F. S. GRIFFIN 
Alabama Polytechnic Inst., Auburn, Ala 1920 52 W. C. RICHTER C. A. OVERBEY C. R. Hrxon 
Alabama, Univ. of, University, Ala. 1931 J. M. GALLALEE 
Arizona, Univ. of, Tueson, Ariz. 1937 29 F. S. FIEDLER REECE DUNAWAY M. L. THORNBURG 
Arkansas, Univ. of, Fayetteville, Ark. 1910 23 RALPH DOUGHERTY A. H. BACHER R. G. Pappock 
British Columbia, Univ. of, Vancouver, B.C., Can. 1938 53 Don BANNERMAN WALTER GOODWIN W. O. RIcHMOND 
Brown Univ., Providence, RI. 1923 15 J. H. BLAKE J. T. Toner P. N. KIsTLer 
Bucknell Univ., Lewisburg, Pa. 1916 37 K. J. BASERMAN M. A. CLARK W. D. GARMAN 
California Inst. of Tech., Pasadena, Calif. 1914 41 H. A. LASSEN R. W. PrRorzen W. H. CLapp 
California, Univ. of, Berkeley, Calif. 1912 85 Les BURGESS Merrick TAYLOR R. G. Fotsom 
Carnegie Inst. of Tech., Pittsburgh, Pa. 1913 65 GAIL MAINKNECHT PAUL MILLER T. G. Estep 
Case School of Applied Science, Cleveland, Ohio 1913 100 EpWARD KOEPKE Ropert TUVE W. A. LYNAM 
Catholic Univ. of America, Washington, D.C. 1922 29 J. D. GALLIVAN, ITI J. J. GORMLEY Cc. O. G. Wirtie 
Cincinnati, Univ. of, Cincinnati, Ohio 1909 108 HaroLD HEMSTREET ALBERT MEYER C. A. JOERGER 
Clarkson College of Tech., Potsdam, N.Y. 1930 54 GERALD ZECHER RoLF NEUNES H. A. WEtss 
Clemson A.&M. College, Clemson College, S.C. 1921 52 W. H. Parks, Jr. J. M. RICHBOURG B. E. Fernow 
Colorado State College of A.&M. Arts, Fort Col- 

lins, Colo. 1914 23 J. K. Dickson G. H. Booron J. H. Scorretp 
Colorado, Univ. of, Boulder, Colo. 1914 40 C. F. DREXEL J. N. WHITE W. F. MALLorY 

Colorado School of Mines Division, Golden - 10 REX CHEEK C. E. Morgan W. M. RicHTMAN 
Columbia Univ., New York, N.Y. 1909 

Management Division C. F. Kayan 

Mechanical Division - a eee J. P. BARTELS C. F. Kayan 
Connecticut, Univ. of, Storrs, Conn. 1941 40) NORMAN OLSON J. E. DONAHUE K. P. Hanson 
Cooper Union Inst. of Tech., New York, N.Y. 1920 49 Emipio PELUSO Ropert LEFF W. A. Vopat 
Cooper Union Night School of Engineering, New 

York, N.Y. 1920 E. A. SALMA 
Cornell Univ., Ithaca, N.Y. 1908 78 R. H. Fiack R. E. WARREN L. T. WRIGHT 
Delaware, Univ. of, Newark, Del. 1929 9 A. Q. Mowsray, JR. GeEoRGE LUCAS Leo BLUMBERG 
Detroit, Univ. of, Detroit, Mich. 1930 42 Jack LANCE Mortey LeGARIeE J. J. UICKER 
Drexel Inst. of Tech., Philadelphia, Pa. 1920 29 GEORGE DARBY ALWYNNE CLEM MER A. H. RepscHa 
Duke Univ., Durham, N.C. 1935 34 C. H. GInGHER S. L. GuLiepGE, JR. FE. S. THIEss 
Florida, Univ. of, Gainesville, Fla. 1926 27 H. N. ELuis T. B. Pasteur, JR. N. C. EBAUGH 
George Washington Univ., Washington, D.C. 1924 27 R. W. McCuLtovucu W. H. Hisic B. J. CRUICKSHANKS 
Georgia School of Tech., Atlanta, Ga. 1915 76 R. L. KREGER R. W. FEAGLES R. L. ALLEN 
Idaho, Univ. of, Moscow, Idaho 1925 45 JoHN GIBSON RicHARD LEVERING H. F. Gauss 
Illinois Inst. of Tech., Chicago, III. 1940 177 J. R. CRONIN R. W. Roperts J. S. KozacKa 
Illinois, Univ. of, Urbana, Ill. 1909 122 G. P. SALNERO R. G. TUELL P. E. Moun 
lowa State College, Ames, lowa 1919 80 MAarIoN BRUSH MARVIN WINDERS R. W. BRECKENRIDGE 
lowa, State Univ. of, lowa City, lowa 1913 19 J. W. BURNSIDE ABRAHAM COHEN I. T. WeETZEL 
Johns Hopkins Univ., Baltimore, Md. 1917 30 FE. F. Vitek FERDINAND KUEHN JuLIAN C. SMALLWOOD 
Kansas State College, Manhattan, Kan. 1914 44 S. O. JEweTT D. J. BLEvINS A. J. Mack 
Kansas, Univ. of, Lawrence, Kan. 1909 34 JOHN BEAMER LEON CARLSON ). E. AMBROSIUS 
Kentucky, Univ. of, Lexington, Ky. 1911 32 RALPH ESCHBORN H. J. MAcKE C. C. Jetr 
Lafayette College, Easton, Pa. 1919 51 G. M. BETTERLEY J. S. ATTINELLO E. W. NELSON 
Lehigh Univ., Bethlehem, Pa. 1911 A. C. BATES 
Louisiana State Univ., University, La. 1916 54 FRANK CARROLL L. R. DANIEL, JR. G. F. MaTTHES 
Louisville, Univ. of, Louisville, Ky. 1928 32 JOHN BURNS D. E. MAPorHER H. H. Fenwick 
Maine, Univ. of, Orono, Maine 1910 62 R. D. McKEEN S. F. GimMan I. H. PRAGEMAN. 
Marquette Univ., Milwaukee, Wis. 1923 40 J.C. Kemp A. E. Munpt J. E. ScHoen 
Maryland, Univ. of, College Park, Md. 1937 94 G. C. WEBSTER J. A. KRESSINGER W. P. GREEN 
Massachusetts Inst. of Tech., Cambridge, Mass. 1909 =104 K. R. WaApDLEIGH H. L. SHIVEK J. A. Hrones 
Michigan College of Min. & Tech., Houghton, Mich. 1930 28 EpWarD PIECH RAYMOND FAHLEN A. P. Youne 
Michigan State College, East Lansing, Mich. 1917 95 Perer Ducu P. D. Lresie J. M. CAMPBELL 
Michigan, Univ. of, Ann Arbor, Mich. 1914 58 J. K. Korren NORMAN JIMMERSON R. C. Porter 
Minnesota, Univ. of, Minneapolis, Minn. 1913 67 DANIEL SCHIAVONE RosBert MELCHER Fuiton Hoitsy 
Mississippi State College, State College, Miss. 1926 32 E. W. Pettis, JR. R. L. WILson O. D. M. Varnapo 
Missouri School of Mines & Metallurgy, Rolla, Mo. 1930 38 JOHNSON WRIGHT SEYMOUR ORLOFSKY A. V. KILPATRICK 


t As of January 4, 1943. 


Name and Location 


Missouri, Univ. of, Columbia, Mo. 

Montana State College, Bozeman, Mont. 

Nebraska, Univ. of, Lincoln, Neb. 

Nevada, Univ. of, Reno, Nev. 

Newark College of Engineering, Newark, N.J. 

New Hampshire, Univ. of, Durham, N.H. 

New Mexico State College of A.&M. Arts, State 
College, New Mex. 

New Mexico, Univ. of, Albuquerque, New Mex. 


New York, College of the City of, New York, N.Y. 


New York Univ. (Day), New York, N.Y. 


New York Univ. Evening School, New York, N.Y. 


North Carolina State College, Raleigh, N.C. 
North Dakota Agricultural College, Fargo, N.D. 
North Dakota, Univ. of, Grand Forks, N.D. 
Northeastern Univ., Boston, Mass. 

Division A 

Division B 
Northwestern Univ., Evanston, II]. 
Notre Dame, Univ. of, Notre Dame, Ind. 
Ohio Northern Univ., Ada, Ohio 
Ohio State Univ., Columbus, Ohio 
Oklahoma A.&M. College, Stillwater, Okla. 
Oklahoma, Univ. of, Norman, Okla. 


Oregon State Agricultural College, Corvallis, Ore. 


Pennsylvania State College, State College, Pa. 

Pennsylvania, Univ. of, Philadelphia, Pa. 

Pittsburgh, Univ. of, Pittsburgh, Pa. 

Polytechnic Inst. of Brooklyn (Day), Brooklyn, 

Polytechnic Inst. of Brooklyn Evening School, 
Brooklyn, N.Y. 

Pratt Inst., Brooklyn, N.Y. 

Princeton Univ., Princeton, N.J. 

Puerto Rico, Univ. of, Mayaguez, P.R. 

Purdue Univ., West Lafayette, Ind. 

Queen’s College, Kingston, Ont., Can. 

Rensselaer Polytechnic Inst., Troy, N.Y. 

Rhode Island State College, Kingston, R.I. 

Rice Inst., Houston, Tex. 

Rose Polytechnic Inst., Terre Haute, Ind. 

Rutgers Univ., New Brunswick, N.J. 

Santa Clara, Univ. of, Santa Clara, Calif. 

South Dakota State College, Brookings, S.D. 


Southern California, Univ. of, Los Angeles, Calif. 


Southern Methodist Univ., Dallas, Tex. 

Stanford Univ., Stanford University, Calif. 

Stevens Inst. of Tech., Hoboken, N.J. 

-Swarthmore College, Swarthmore, Pa. 

Syracuse Univ., Syracuse, N.Y. 

Tennessee, Univ. of, Knoxville, Tenn. 

Texas, A.&M. College of, College Station, Tex. 

Texas Technological College, Lubbock, Tex. 

Texas, Univ. of, Austin, Tex. 

Toronto, Univ. of, Toronto, Ont., Can. 

Tufts College, Tufts College, Mass. 

Tulane Univ. of Louisiana, New Orleans, La. 

U.S. Naval Academy, Postgraduate School, An- 
napolis, Md. 

Utah, Univ. of, Salt Lake City, Utah 

Vanderbilt Univ., Nashville, Tenn. 

Vermont, Univ. of, Burlington, Vt. 

Villanova College, Villanova, Pa. 

Virginia Polytechnic Inst., Blacksburg, Va. 

Virginia, Univ. of, University, Va. 

Washington, State College of, Pullman, Wash. 

Washington Univ., St. Louis, Mo. 

Washington, Univ. of, Seattle, Wash. 

West Virginia Univ., Morgantown, W.Va. 

Wisconsin, Univ. of, Madison, Wis. 

Worcester Polytechnic Inst., Worcester, Mass. 

Wyoming, Univ. of, Laramie, Wyo. 

Yale Univ., New Haven, Conn. 


+ As of January 4, 1943. 


Year 


ized 


1909 
1920 
1909 
1928 
1924 
1926 


1938 
1935 
1922 
1909 
1933 
1920 
1929 
1923 


1922 


1935 
1929 
1922 
1911 
1921 
1917 
1909 
1909 
1925 
1917 


1909 


1909 
1923 
1926 
1923 
1909 
1941 
1910 
1930 
1926 
1926 
1920 
1925 
1935 
1929 
1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 


1925 
1923 
1928 
1922 
1925 
1915 
1923 
1920 
1911 
1917 
1922 
1909 
1914 
1925 
1910 


No. of 


Author- Mem- 


bers t 
58 


17 
52 
16 
80 
44 
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Chairman 


JOHN SIMON 
Epwarp KUNKEL 
RosBert MARCOTTE 
ARTHUR WELLER 
R. D. Hum 

F. H. Ropsrns 


CHARLES BorkKIN 
SIMPERS 
Howarp JUDSON 

M. P. Kurvutz 

S. V. HRANKOWSKI 
I. J. HETHERINGTON 
Rex SHERRETT 
PALMER REITEN 
DoveLas C. HANDY 


L. K. Scorrt, Jr. 
J. W. Switack 


JOHN GARCEAU 


E. B. FREYFOGEL 
Robert KEENER 
CLIFF ISBELL 


G. P. 


EDMUND FEAREY 
JOHN MELZER 

W. W. WHITMORE, JR. 
R. W. Kaun 


R. C. MILLER 


WILLIAM ANGUS 
FRANK MILICI 
W. A. Hurron 


D. M. Bapcer 


J. H. BRAZIER 


D. P. PETERSON 
EvuGeNE D’AQUANNO 
R. C. WITTLINGER 
ANTONIO BOGRAN 
CHRISTOPHER MAGGIO 
PAUL STEFFEN 
Rocer A. MILLER 
ROBERT MANNES 
HucH CAMPBELL 
STEPHEN KLINE 
Jack Howe 

H. B. McCormick, JR. 
D. R. FISHER 

W.K. Stair 
MartTIN LANTAU 

C. R. ALLTERS 

T. R. CASBERG 

J. P. G. Gorvon 

W. N. KERNANDER 
W. B. Rupo.r 


Morton LARSEN 
WARREN SEYFRIED 
JOSEPH CORBETT 
H. C. BEHNKE 
F. S. CHILDERS 
JAMES BORDEN 
Rosert HoHNSON 
Rosert Bown 
W. L. CARLSON 
JAMES CoUCH 

J. P. WILSON 


THEODORE Pierson, IIT 


J. F. Suurts 
J. A. LEVAN 


Secretary 
RICHARD PHELAN 
CECIL JOHNSON 
MELVIN HARTMANN 
Ropert RAE 
MILTON MAXWELL 
G. F. KELLEY 


JacK Howarp 
RONALD SCHNEIDER 
HAROLD BERKOL 
R. A. AVIGDOR 
RAVIN WEINGART 
J. L. SINGER 
RALPH SCHURICHT 
Bruce Fox 


Nino MOLINO 

P. F. SHERIDAN 
G. V. Dopp 

H. E. 
CHARLES BROWNING 
RicHArRD Lipp 

Ep TALLEY 

JAMES OVERBEY 
THOMAS MARSHALL 
Boris OsoJNAK 
J.J. LITTLEY 

H. J. ZERBEY 


A. D. DuTcCHMAN 


AL BLock 
WILLIAM THOMPSON 
L. R. Payton 
MEYER EVANSON 
K. A. McCaFFrey 
J. E. 
WALTER KupzMA 
K. A. CAMPBELL 
RicHarp Morr 
JOHN CANTWELL 
W. P. 

J. E. WENDT 

J. W. MAston 
Cart Ivey 
Henry METZER 
Rorert SULLIVAN 
C. A. CIBELIUS 
V. G. Warp 

J. T. BAILEY 

R. C. 
EUGENE DaAvIDSON 
Don Lewis 

W. A. 

R. E. Hunt 

J. M. JENNINGS, JR. 


DaLeE WorDEN 
JOHN WEYDELL 

M. F. NELSON 

W. J. DoyLe 

F. R. CHASE 

W. W. WILLouGHBY 
CHARLES McINTOSH 
Harry NELGNAR 
OLIVER LASTER 

J. L. JENKINS 
JOHN McCann 
HERBERT MARSH 
FRANK IWATSUKI 
C. B. Harr 


Honorary Chairman 


Kk. S. Gray 

R. E. Gress 

W. F. WEILAND 

J. R. VANDYKE 

. 
. NYE 


. LUKENS 

. Forp, Sr 
. SMITH 

. CHURCH 

. CHURCH 

. Brace 

. ANDERSON 
ALEX DIAKOFF 


WHITTAKER 
WHITTAKER 
. JENNINGS 
. Eary 
. NEEDY 
. Marco 
M. LEONARD 

. M. Sims 
A. D. Hugues 
C. L. ALLEN 
AvuGust ULMANN, JR 
T. G. Beckwitu 


A. T. KNIFFEN 


A. T. KNIFFEN 

K. E. Quier 

C. L. Tutt, Jr. 
AvutTurRO DAVILA 
R. W. LeutwiLer 
W. A. WoLFE 

M. A. Cook 

E. L. CARPENTER 
J.B. T. Downs 


L. L. AMIDON 

8S. F. DUNCAN 
STANLEY PATTERSON 
R. A. SEBAN 

E. H. Fezanpie 

P. J. Porrer 

. A. Kine 

. R. O’Brien 

G. H. Tompson 
J. Powers 

. J. 

R. Lorp 

. A. FISHER 

M. 


J. 

. B. Hogan 
N. McDonaup 
G. CHAPMAN 
. J. MOSER 

. M. Stmons 

. C. Hesse 
W. CANDEE 
R. Tucker 
B. Coorer 

. M. CATHER 
W. NELSON 

. H. Hooper 

. E. ANDERSON 
. W. DubLey 


Rar 
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29 
78 
68 
59 
75 
23 
17 
166 
| i 
40 
19 
: 
54 
76 
72 
29 
35 
19 
9 
145 
48 
73 
29 
48 
42 H. C. Gray 
59 J. B. CesKA 
ll O. F. ZAHN 
20 
43 
15 
30 
25 
28 
45 
60 
71 
63 
66 
102 
55 
54 
43 
12 
51 
187 
34 
31 
38 
34 
22 
42 
55 
66 


ARTICLE B6A, Par. 24: 


STANDING COMMITTEE 


M. D. Hersey, Chairman (1943) 
HERMAN WEISBERG (1944) 

W. R. Etsty (1945) 

J. F. D. (1946) 

D. L. Linpquistr (1947) 


LUBRICATION 
tppointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations prevt- 


ously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


G. B. Karevirz, Chairman 
S. J. Neeps, Secretary 
A. L. BEALL 

OSCAR BRIDGEMAN 

W. E. CAMPBELL 

H. A. EVERETT 

A. E. FLOWERS 

J. C. GENTESSE 
RAYMOND HASKELL 
M. D. Hersey 

B. F. HUNTER 

C. M. LARSON 

F. C. LINN 

G. L. NEELY 

B. L. NEWKIRK 

E. S. PEARCE 

ERNEST WOOLER 


FLUID METERS 


Appointed 1916 to develop the theory of 
fduid meters of all kinds and to report on the 
hest methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Pieorr, Chairman 
J. R. Cariton, Secretary 
H. S. BEAN 

S. R. BeEITLeR 

R. K. BLANCHARD 

B. O. BUCKLAND 

Louis GESS 

E. W. JACOBSON 

A. J. KERR 

T. H. Kerr 

I. O. MINER 

M. P. 

W.S. PARDOE 

L. K. Spink 

R. E. SPRENKLE 

E. C. M. STAHL 

T. R. WeyMoutTH 

M. J. Zucrow 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921, to investigate 
factors affecting the strength and life of 
gear teeth 


R. E. FLanpers, Chairman 
C. H. Secretary 
EARLE BUCKINGHAM 

A. M. GREENE, JR. 

C. W. Ham 

F. E. MCMULLEN 

E. W. MILLER 

ERNEST WILDHABER 


+ Deceased, January 19, 1943 
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RESEARCH COMMITTEES 
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The Standing Committee on Research shall, under the direction of 
the Council, have supervision of the research activities of the Society. 
The first Standing Committee on Research was organized in 1909. 


CUTTING OF METALS 


Appointed in September, 1923, to study 

the problems of metal cutting, including tool 

materials, tool design, lubrication, cooling, 
and speeds and feeds 


(Reorganized April, 1942) 
EXECUTIVE COMMITTEE (Total personnel 18) 


M. F. JupkKINS, Chairman 
O. P. AvpAMS, Secretary 
O. W. Boston 

R. C. DEALE 

Howarp Scort 


MECHANICAL SPRINGS 


lppointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. TOWNSEND, Chairman 
C. T. Epcerton, Secretary 
R. W. Cook 
W. T. DoNKIN 
RUPEN EKSERGIAN 
G. E. HANSEN 
BENJAMIN LIEBOWITZ 
Davip Lorts 
R. D. Brizzovara (Alternate) 
D. J. McApamM, JR. 
L. C. PESKIN 
R. E. Pererson 
J. W. ROCKEFELLER, JR. 
B. W. Sr. CLair 
M. F. Sayre 
T. R. WEBER 
KeitH WILLIAMS 
J. K. Woop 
F. P. ZIMMERLI 


ELEVATORS 


Appointed June, 1924, to study the fune- 
tion and operation of elevator safeties and 
buffers and their associated mechanisms 
and to develop methods of test for the ap- 
proval of elevator safety devices 


(Reorganized August, 1940) 


D. J. PuRINTON, Chairman 
D. L. Linpquist, Vice-Chairman 
G. H. Reppert (Alternate) 
J. A. Dickinson, Secretary 
S. W. Jones, Ex-Officio 
E. M. Bouton 
E. B. Dawson (Alternate) 
K. A. CoLAHAN 
G. P. Keoeu 
F. Paviicek (Alternate) 
J. J. MATSON 
M. B. McLAUTHLIN 
C. R. CALLAWAY (Alternate) 
W. S. PAINE 
J. L. Keane (Alternate) 
C. A. PETERS 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a joint re- 
search committee of the A.S.7.M. and the 


A.S.M.E. to encourage the investigution 

and accumulation of data on the properties 

of metals used in the mechanic arts at 
ertremely high and low temperatures 


N. L. Mocuer, Chairman 

H. J. Kerr, Vice-Chairman 

J. W. Bourton, Secretary 

R. H. ABorn 

W. H. ArMacost 

A. B. BaGsar 

A. D. BAILey 

F. E. 

C. L. CLARK 

S. Dixon 

F. B. Foiey 

J. R. FREEMAN, JR. 

H. J. Frencu 

H. W. 

A. J. HERz1G 

F. JENKS 

J. J. KANTER 

C. E. MacQuiae 

E. L. Rogrnson 

J. H. RoMANN 

A. E. WHITE 

J.S. Wortu 

Director, National Bureau of Standards. 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Electric Insti- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 


EXecuTIve CoMMITTEE (Total personnel 41) 


C. H. FeLttows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 
A. G. CHRISTIE * 

R. E. CouGHLan 

B. W. De Greer 

Max Hecur 

H. E. Jorpan 

P. B. PLace 

S. T. Powe 

F. N. SPeLLER 

M. F. Stack 

G. E. Tate 

E. H. 

A. E. WHITE * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. E. Chairman 
D. C. WEEKS, Vice-Chairman 
P. A. BANCELL 
R. A. BowMAN 
E. S. BuNN 

* Official A.S.M.E. 
ing on this committee. 


representative serv- 


‘ 


CONDENSER TUBES 
(Continued) 


D. K. CRAMPTON 

C. A. CRAWFORD 

H. M. CUSHING 

R. E. DILton 

C. O. Evans 

J. R. FREEMAN, JR. 

V. M. Frost 

C. F. Harwoop 

G. C. HoLpER 

W. C. HoL_MeEs 

W. B. PRICE 

J. S. Ropeers 

M. F. Stack 

W. R. WEBSTER 

Director, Bureau of Ships. U.S. 
partment 


Navy De- 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

worm gear drives and to recommend im- 

provements in their design, manufacture, 
and use 


EARLE BUCKINGHAM, Chairman 
G. H. ACKER 


L. R. BUCKENDALE 

D. L. LinpQvuIst 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, U:S. 
Navy Department 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


F. V. HartMAN, Chairman 
W. D. HaAtsey 

M. B. 

. W. Jr. 

. E. SAUNDERS 

E. SHANOR 

. B. WESSTROM 

. 8. G. WILLIAMS 

D. F. WINDENBURG 


WIRE ROPE 


Appointed April, 1930, to investigate ezist- 
ing rope so that it may be better understood 
and more effectively used 
W. H. FULWEILer, Chairman 

H. LeR. BRInkK 
D. L. LrnpQvuist 
G. W. MartTIN 

A. H. 
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B. V. E. NorpBERG 
W. S. PAINE 

W. J. RYAN 
GEORGE SIMPSON 
L. E. Youne 


CRITICAL PRESSURE STEAM 
BOTLERS 
Appointed June, 1981, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


H. L. Chairman 
W. H. ARMACOST 

A. D. BaAILey 

E. G. BArLey 


F. S. CLARK 
C. H. FELLows 
H. J. Kerr 


G, A. ORROK 

E. C. PETRIE 

E. L. Ropinson 
P. W. THompson 


ROLLING OF STEEL (PLASTICITY) 


Appointed October, 1938, to study plasticity 
in the particular field of rolling of steel 


A. NaApAI, Chairman 

C. W. MacGreoor, Secretary 
E. C. BAIN 

C. L. EKSERGIAN 

J. H. Hrrencock 

G. B. Karevirz 

M. D. STONE 

W. TRINKS 


FURNACE PERFORMANCE FACTORS 


Appointed in October, 1941, to collect and 

rationalize data on the performance of com- 

mercially important furnaces as an aid to 
design and operation 


A. R. MuMrorp, Chairman 

D. BAILEY 
J. R. MICHEL 

JOHN BLIzarD 

S. P. BurRKE 

O. F. CAMPBELL 

W. A. CARTER 

B. J. Cross 

T. B. Drew 

F. G. Ery 

A. C. FIELDNER 
W. C. ScHRoeper (Alternate) 

J. H. HarLtow 

H. C. Horrer 

E. L. LINDSETH 

W. H. McApams 

A. J. NERAD 

E. B. 

A. A. RAYMOND 

W. T. Reip 

R. A. SHERMAN 


+ Deceased, January 19, 1943. 


(Alternate) 


PHILIP SPORN 
A. W. THorson 

HERMAN WEISBERG 
W. J. WOHLENBERG 


FORGING OF STEEL SHELLS 


Appointed in October, 1941, to study meth- 
ods of shell manufacture under modern 
conditions 


M. D. Stone, Chairman 
W. TrRINKS, Projects Director 


JOHN DIERBECK 
D. W. FLETCHER 
W. M. FRAME 

W. N. How Ley 


A. F. MACCONOCHIE 
W. P. Muir 

A. NADAI 

A. R. NETTENSTROM 
GEORGE SACHS 

A. E. Van CLEVE 
U.S. Army, Ordnance Department 
U.S. Navy, Bureau of Ordnance 


A.S.M.E. Representatives on 


Other Research Committees 


Nee also AWS.M.E. Representatives on Other 
Activities, page RI-9 


AMERICAN COORDINATING COMMIT- 
TEE ON CORROSION 


American Society for Testing Materials 
C. H. FELLows 
S. L. Kerr 
FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 


C. T. 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. Brerpaum 


PROPERTIES OF REFRACTORY 
MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. PowELL 


WATER FOR INDUSTRIAL USES 
American Society for Testing Materials 
J. H. WALKER 
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STANDARDIZATION COMMITTEES 


ArTicLeE B6A, Par. 


23: The Standing Committee on Standardization shall advise the 


Council on the dimensional standardization work of the Society, including relations with the 
American Standards Association. 


The first Standing Committee on Ntandardization was organized in April, 1911 


STANDING COMMITTEE 


L. T. KNocke, Chairman (1943) 
T. Frencu (1944) 
W. H. Hirt (1945) 
J. H. Tayvor (1946) 
E. J. BRYANT (1947) 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in February, 1929 


A.S.M.E. Members (Total personnel, 36) 


R. E. FLANDERS, Chairman t 

A. M. Houser, Vice-Chairman t 
EARLE BUCKINGHAM, Necretary 
kK. J. BRYANT 

G. S. CASE 

T. G. CRAWFORD 

H. C. E. Meyer 

P. V. MILLER ¢ 

W. C. MUELLER 

H. Perry 
G. T. TRUNDLE 


SUBCOM MITTEE CHAIRMEN 


Special Subcommittee on Revision of Amer!- 
can Standard, P. V. MILLER 


on Scope, Arrangement and Editing 
of American National Standard, R. 
FLANDERS 
on Acme and Other Similar Threads, 
Except Gages, EARLE BUCKINGHAM 
No. 5 on Serew Thread Gages and Inspec- 
tion, G. S. Case 
No. 6 on Threading of 
Nuts, J. S. Davey 
on Screw Threads for High Tempera- 
ture: Bolting, W. H. GourRLig 


General Purpose 


No 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 
Association. Sectional Committee originally 
organized in 1913. Reorganized May, 1927 


A.S.M.E. Members (Total personnel, 42) 


A. S. MILLerR, Chairman 
C. B. LePaGe, Acting Secretary 
A. F. BREITENSTEIN t 
E. J. Bryant 
E. S. CORNELL, JR. 
J. J. Crorry 
J. J. HARMAN 
A. M. Houser t 
V. MILLER t¢ 
F. H. Moreweap 
W. C. Morris 
L. N. SHANNON 
O. M. TISLARISH 
* Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 
+ Official A.S.M.E. representative serving 
on this committee. _ 


FRANK THORNTON, JR. 
ROWLAND TOMPKINS 
B. B. Wescort 

J. Wittrams 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 


No. 2 on Taper Pipe Threads, 8S. B. TERRY 

No. 3 on Straight Pipe Threads, P. V. 
MILLER 

No. 4 on Plumbers’ Threads, A. F. BREITEN- 
STEIN 

No. 6 on Special Threads for Thin Tubes, 
C. C. WINTER 


Tolerances on 
J. BRYANT 
Taper 


Special Subcommittee on 
Thread Elements, E. 

Special Editing Subcommittee on 
Pipe Threads, 8. B. Terry 

Special Editing Subcommittee on Straight 
Pipe Threads, P. V. MILLER 

Special Subcommittee on Truneation, E. J 


BRYANT 
BALL AND ROLLER BEARINGS (B3) 
* Joint sponsorship with the Society of 


futomotive Engineers. Sectional Committee 
organized December, 1920 
A.S.M.E. Members (Total personnel, 20) 
W. P. KENNEDY, 
ID). E. BaTeso ie 


Vice-Chairman t 


L. A. CUMMINGS 
©. H. Dorer 
F. G. HuGHES 


G. E. t 

W. L. Ivirr t 

L. F. NENNINGER 
S. M. WecKSTEIN 
ERNEST WOOLER 
ALLOWANCES 


AND TOLERANCES 


FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 
* Sole sponsorship. Sectional Committee 


originally organized in June, 1920. Reor- 


ganized in September, 1930 
A.S.M.E. Members (Total personnel, 39) 
I 


LoveELy, Chairman 
BANFIELD, JR. 
BLACKALL, JR. 
. J. BRYANT 
RLE BUCKINGHAM 
H. CoLvin 
G. CRAWFORD 
. W. HARRISON 
. HOAGLAND 
N. JAcosi 
C. E. MEYER 
. V. MILLER 
MUELLER 
Peck t 
. PERRY 
. SCHOENFELDT 
. STEVENS 
TRUNDLE, JR. 


F. E. 


SUBCOM MITTEE CHAIRMAN 


No. 1 on Tolerance Systems, R. E. W. 
HARRISON 


SMALL TOOLS AND MACHINE 


ELEMENTS (B5) 


TOOL 


* Joint sponsorship with the National Ma 

chine Tool Builders’ Association, and the No- 

ciety of Automotive Engineers. Sectional 
Committee organized February, 1922 


A.S.M.E. Members (Total personnel, 32) 


W. C. MUELLER, Chairman t 
F. O. HOAGLAND, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

KE. J. BRYANT 

EARLE BUCKINGHAM 

F. H. CoLvin 

S. A. EINSTEIN 

F. M. FarMER 

V. P. 

H. E. Harris 

JoHN Haypock 

J. P. Lacs? 

J. E. Lovey 

A. F. Murray t¢ 

ERIK OBERG + 

FRANK THORNTON, JR. 


TECHNICAL COM MITTEES 


EXECUTIVE COM MITTEE 
A.S.M.E. 


W. C. MUELLER, Chairman 
F. O. Vice-Chairman 
H. E. Harris 


Members (Total personnel, 5) 


No. 1 on T-Siots 


A.S.M.E. 


ERIK OBERG, Chairman 
J. B. ARMITAGE 

HARRY CADWALLADER, JR. 
S. A. EINSTEIN 

F. O. HOAGLAND 


Members (Total personnel, 6) 


No. 2 on Toot-Posts anp Toot SHANKS 
A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
F. S. BLAcKALL, Jr. 
GRANGER DAVENPORT 

F. M. FARMER 

M. E. LANGE 


No. 3 ON MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 19) 


kK. J. Bryant, Chairman 
C. B. LePaGe, Acting Secretary 
J. B. ARMITAGE 

F. S. BLACKALL, JR. 
EARLE BUCKINGHAM 

F. H. CoLvin 

B. P. GRAVES 

E. E. GrirFitHs 

H. E. Harris 

F. O. HOAGLAND 

J. H. HoriGan 

L. F. NENNINGER 


SUBGROUP CHAIRMEN 


Steep Tapers Series, S. MCMULLAN 
Revision on Slow Taper Standard, E. J. 
BRYANT 


I 
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SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 
(Continued ) 


No. 4 ON SPINDLE NOSES AND COLLETS FOR 
MACHINE TOOLS 


A.S.M.E. 


J. E. Lovety, Chairman 

L. F. NENNINGER, Secretary 
J. B. ARMITAGE 

H. W. Favs 

B. P. GRAVES 

F. O. HOAGLAND 

A. M. JoHNSON 

M. E. LANGE 

J. H. MANSFIELD 

L. D. SPENCE 


Members (Total personnel, 26) 


SUBGROUP CHAIRMEN 


on Milling Machines, Small and Me- 
dium, J. B. ARMITAGE 


No. 2 on Large Milling Machines, F. B. 
KAMPMEIER 

No. 3 on Grinding Machines Spindles, H. J. 
GRIFFING 


No. 5 on Drilling Machines and Horizontal 
Boring Machines, 8S. MCMULLAN 

No. 6 on Turning Machines, Including 
Automatic Screw Machines, Lathes, 
Automatic Lathes, Turret Lathes, 
and Automatic Chucking Machines, 
J. E. Lovety 

No. 8 on Correlation of Counter Proposals 
for Spindle Noses, J. E. LoveLy 


No. 5 oN MILLING CUTTERS 
A.S.M.E. Members (Total personnel, 20) 


E. K. Morgan 
ERIK OBERG 
E. D. VANCIL 


J. B. ARMITAGE 
A. N. Gopparp 
E. E. GRIFFITHS 
J. H. Horgan 


SUBGROUP CHAIRMEN 


No. 1 on Profile Cutters, E. D. VANcIL 
No. 2 on Keyways, J. B. ARMITAGE 


on Limits, J. H. Horrigan 
on Formed Cutters, H. C. HuNGeEr- 
FORD 
No. 6 on Hobs (to be appointed) 

7 on Inserted Tooth Cutters, J. B. 
ARMITAGE 


2 
No. 3 on Nomenclature, A. C. DANEKIND 
4 
5 


No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 19) 


JOHN Haypock, Chairman 
EARLE BUCKINGHAM 

T. H. Doan, Jp. 

H. W. Favs 

B. P. GRAVES 

J. J. McBrive 

E. R. SmitH 


No. 7 on Twist Sizes 
A.S.M.E. 


W. C. MUELLER, Chairman 
E. E. GRIFFITHS 
J. H. Horrigan 


Members (Total personnel. 6) 


No. 8 on JIG BUSHINGS 
A.S.M.E. Members (Total personnel, 8) 


E. E. GrirFiItHs 
J. H. Horicgan 
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SUBGROUP CHAIRMAN 


Subgroup on Liner Outer Diameters and 
Tolerances (to be appointed) 


No. 9 on PuNcH PReEss TooLs 
A.S.M.E. Members (Total personnel, 14) 


D. H. CHASON 
KE. W. ERNEST 
E. GRirFirns 


H. E. Harris 
D. M. PALMER 


No. 10 oN FoRMING TooLs AND HOLDERS 
A.S.M.E. Members (Total personnel, 10) 
W. C. MUELLER, Chairman + 
E. GRIFFITHS 
L. D. SPENCE 

No. 11 on CHUCKS AND CHUCK JAWS 
A.S.M.E. Members (Total personnel, 10) 


J. E. Lovety, Chairman 
F. M. FARMER 


SUBGROUP CHAIRMEN 


No. 1 on Master Chuck Jaws, J. E. LoveLy 
No. 2 on Adapters for Air Cylinders, J. E 
LOVELY 


No. 12 on Cut AND GrouND THREAD TAPS 
A.S.M.E. Member (Total personnel, 7) 
J. E. ENNIS 


No. 13 ON SPLINES AND SPLINED SHAFTS 
A.S.M.E. Members (Total personnel, 16) 


J. B. ARMITAGE 
kK. E. W. Harrison 


F. O. HoaGLanp 
J. E. Lovety 


No. 17 ON NOMENCLATURE FOR SMALL TOOLS 
AND MACHINE TooL ELEMENTS 


A.S.M.E. Members (Total personnel, 12) 


. W. Boston, Chairman and Secretary 
. S. BLACKALL, JR. 

. H. Cotvin 

. E. Harris 

. O. HOAGLAND 


Ex-Officio Members 
A. N. Gopparpb 
W. C. MUELLER 
No. 19 on SINGLE-Porint Toots 
A.S.M.E. Members (Total personnel, 2) 
F. H. Cotvin, Chairman 
O. W. Boston, Secretary 
No. 20 on REAMERS 
A.S.M.E. Members (Total personnel, 16) 


F. H. CoLvin 
F. M. FARMER 
T. F. GirHEeNsS 


E. Grirrirus 
J. H. Horigan 
O. FE. Korner 


SUBGROUP CHAIRMAN 
No. 1 on Reamer Proposal, C. M. Ponp 
No. 21 on Toot-LireE TESTS FoR SINGLE- 
Point Toots 
A.S.M.E. Members (Total personnel, 10) 


O. W. Boston, Chairman 
E. E. GRrirFITHs 

M. F. JupDKINS 

Il. L. Morr 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com- 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 26) 


U. S. Eperuarpt, Chairman 

EARLE BUCKINGHAM, Vice-Chairman t 
C. B. LePage, Acting Secretary 

ACKER 

L. H. Fry 

C. B. HAMILTON, JR. 


D. T. HAMILTON 
M. R. HANNA 
O. A. LEUTWILER 


SUBCOM MITTEE CHAIRMEN 


No. 3 on Nomenclature, D. T. HAMILTON 

No. 4 on Tooth Form (Spur Gears), W. P 
SCH MITTER 

No. 8 on Materials, E. J. WELLAUER 

No. 9 on Inspection, GRANGER DAVENPORT 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing and Air Conditioning Contractors Na- 

tional Association, and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Nectional Committee or- 
ganized October, 1921 


A.S.M.E. Members (Total personnel, 50) 


C. P. Buss, Chairman 
J. J. HARMAN, Secretary 
A. L. BAKER 
L. W. Benoit t 
A. L. Brown 
SABIN CROCKER 
FERDINAND FINK 
V. M. Frost 
H. E. HALLER 
J. S. Hess 
H. A. Horrer t 
E. L. Hoppine 
A. M. Houser 
C. A. KELTING t 
J. R. Kruse 
(JOHN Buiizarp, Alternate) 
M. B. MAcCNEILLE 
F. H. Moreneap 
L. S. Morsg, Sr. 
Lupwie Skog 
J. R. TANNER 
J. H. TAYLor 
ROWLAND TOMPKINS 
G. W. Watts 
J. H. 
J. H. 


SUBCOMMITTEE CHAIRMEN 


Executive Committee, C. P. 

No. 1 on Cast Iron Flanges and Flanged 
Fittings, A. M. Houser 

No. 2 on Screwed Fittings, F. H. MorEHEAD 

No. 3 on Steel Flanges and Flanged Fit- 
tings, C. P. Buiss t¢ 

No. 4 on Materials and Stresses, A. M 
HOousER 

No. 5 on Face to Face Dimensions of Fer- 
rous Flanged Valves, J. R. TANNER 

No. 6 on Malleable Iron or Steel Brass 
Seat Unions (to be appointed) 

No. 7 on Rating of Pipe Fittings (to be 
appointed) 

No. 8 on Marking of Pipe Fittings, F. H 

MoreEnEAD 


: 
‘ 


SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel. 13) 


C. M. CHAPMAN, Chairman t 
C. B. LeEPAGrE, Secretary 

H. C. E. Meyer 

L. C. Morrow 

G. N. VAN DERHOEEF t 

L. W. WILLIAMS + 


BOLT, NUT, AND RIVET PROPOR 
TIONS (B18) 

*Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 
AS.M.E Members (‘Total personnel. 57) 
W. R. HaAuuipay, Chairman t+ 
C. Stewart, Secretary 

H. E. Avpricu 


BILLINGS 
B. G. BRAINE 
G. S. CASE 

T. G. CRAWFoRD 
H. P. FREAR 

A. M. Houser 
J. W. Huckert 


HERMAN KOESTER t 
W. C. MUELLER 

S. F. NEWMAN 

R. H. Perry 

J. R. TANNER 

R. J. WHELAN 

E. M. Wurrine 

V. R. WILLouGusBy 

(J. J. McBripe, Alternate) 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Large and Small Rivets (to be 
appointed) 
No. 2 on Wrench-Head Bolts and Nuts (to 


be appointed) 
No. 3 on Slotted and 
Screws, F. P. Tiscu 
No. 4 on Track Bolts and Nuts (to be ap- 
pointed) 
5 on Round Unslotted Head _ Bolts 
(Carriage Bolts) (to be appointed) 
No. 6 on Plow Bolts (to be appointed) 
No. 7 on Body Dimensions and Materials 
(to be appointed) 
No. 8 on Nomenclature, G. S. Case 
No. 9 on Socket Head Cap and Set Screws. 
HerMaANn Koester 


Head 


Recessed 


PLAIN AND LOCK WASHERS (B27) 


“Joint sponsorship with the Society of 
{utomotive Engineers. Sectional Commit- 
tee organized August, 1925 


A.S.M.E. Members (Total personnel, 40) 


EUGENE CALDWELL J. J. MecBripe 
G. CRAWForD H. C. E. Meyer 
B.S. Lewis t W. C. MUELLER 


C. H. Lourret E. M. Witittne 


SUBCOM MITTEE CHAIRMEN 


No. Lon Plain Washers, W. L. Barrn 
No. 2 on Spring Washers, E. Cowttn 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


‘Joint sponsorship with the Society of 
Automotive Engineers, and the American 
Manufacturers Association. Sectional 
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Committee organized September, 1917. Re- 
organized December, 1926 


A.S.M.E. Members (Total personnel, 12) 


W. J. BELCHER D. B. Perry 


JOSEPH C. R. WEIss 
L. V. Lupy + G. A. YOUNG 
J. F. McCann 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Roller Chain Standardization (to 
be appointed) 

No. 2 on Silent Chain Standardization, G. 
A. YOUNG 


CODE FOR PRESSURE PIPING (B31) 
* Sole sponsorship. Sectional Committee or- 
ganized March, 1926. Reorganized Decem- 


ber, 1937 
A.S.M.E. Members (Total personnel, 102) 
E. B. Ricketrs, Chairman 
R. E. Bryant 
L. H. Carr 
H. C. Coorer 
D. H. Corey 
SABIN CROCKER 
H. D. Epwarps 
E R. Fisn 
CHARLES FITZGERALD 
V. M. Frost 


T. W. GREENE 
H. E. HALLer 
W. D. HaALsey 


J. S. Have 

H. A. Horrer 
G. G. HOLLINS 
E. L. 
A. M. Howser t 
ALFRED IpDLES 
D. S. JAconus 
T. M. JASPER 
C. A. KELTING 
H. Kriee 

G. SINDING LARSEN 


M. B. MAcNEILLE 
G. W. MARTIN 
H. C. E. 
J. W. Moore 


(J. D. Capron, Alternate) 


IF. H. Moreneap 
(J. J. HARMAN, Alternate) 
H. H. Morgan 
L. S. Morse, Sr 
R. M. Net 


W. Norris 
C. W. OBERT 


Gro. A. ORROK 

A. L. PENNIMAN, JR. 
(. S. Roprnson t 

J. H. RomANN 


D. B. RossHemm 
G. W. SAATHOFF 
G. K. SAURWEIN 
Lupwig SkKoG 

H. S. Smirn 

(H. H. Moss, Alternate) 

J. R. TANNER 

J. H. TAyior 

J. H. VANCE 

H. L. WHrrremMore 
J. H. 

T. F. Wore 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan, Scope, and Editing, SaBin 
CROCKER 

No. 2 on Power Piping, ALFRED IDDLES t+ 

No. 4 on Gas and Air Piping. J. S. Have 


RI-29 


No. 5 on Refrigeration Piping. A. B. Stick- 

NEY 

No. 6 on Oil Piping (to be appointed) 

No. 7 on Piping Materials and Identifica- 
tion, F. H. MoreHeap 

No. 8 on Fabrication Details, Lupwic Skoce 

No. 9 on District Heating Piping. G. K 
SAURWEIN 

Special Committee to confer with Boiler 
Code Subcommittee on Material Spec- 
ifications, the M.S.S., the A.S.T.M 
and Sectional Committee B31 and 
Sectional Committee B16 to coordi 
nate the several specifications relat 
ing to piping, valves and fittings 

Special Committee on Pressures and Tem- 
peratures Above Those Covered by 
Code, E. F. Fisu 


WIRE AND SHEET METAL GAGES 
(B32) 
* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized November, 1928. Reorganized 
November, 1939 
A.S.M.E. Members (Total personnel, 37) 


F. Howe + 
G. WILSON + 


A. P. J 
E. W. ERNEST F. 


SUBCOM MITTEE CHAIRMAN 
Wire and Sheet Metal Gages, H. W. TENNEY 


SCREWS THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized August, 1928 


A.S.M.E. Members (Total personnel, 28) 


A. L. Brown, Secretary 
A. F. BREITENSTEIN t 
J. J. 
W. L. Curtiss 
W. E. DUNHAM + 
J. J. HARMAN 
(F. C. Ernst, Alternate) 
A. M. Howser 
H. C. E. MEYER 
J. H. WiILtiamMs 


SUBCOM MITTEE CHAIRMEN 


Recom- 
be ap- 


Special Subcommittee to Draft 
mended Specifications (to 
pointed ) 

Subcommittee on Basic Thread Dimensions. 
D. R. MILLER 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized April, 1928 


A.S.M.E. Members (Total personnel, 46) 


H. H. Morean, Chairman 
SABIN CROCKER, Necretary 
J. S. ADELSON 
H. E. Atpricu 
NEWELL HAMILTON 
E. L. Hopprne 
(A. B. Morgan, Alternate) 
A. M. Howser 
D. S. Jacosus 
(F. S. CLarK, Alternate) t 
J. J. KANTER 
H. C. E. Meyer 
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WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 

(Continued) 


F. H. Moreneap 
H. B. 
J. H. RoMANN 
Lupwige Skoe t 
J. R. TANNER 

A. E. WHITE 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan, Scope, and Editing, H. H. 
MorGANn 

on Pipe and Tubing for Low Tem- 
perature Service, J. J. SHUMAN 
No. 3 on Pipe and Tubing for High Tem- 
perature Service, J. R. TANNER 

on Materials, F. H. MoreHEAD 


bo 


Z 


PRESSURE AND VACUUM GAGES 
(B40) 


* Sole Sponsorship. Sectional Committee 
organized July, 1930 


A.S.M.E. Members (Total personnel, 45) 


M. D. ENGLE, Chairman 
A. W. LENDEROTH, Secretary t 
E. J. BRYANT 

J. P. CAVANAUGH t 
PAUL DISERENS 

C. H. GRAESSER 

W. F. Jones 

R. J. 

J.C. McCune 

A. H. MorGan 

H. B. REYNOLDS 

W. C. SCHOENFELDT 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope, M. D. ENGLE 

No. 2 on Definitions, C. F. Schwep 

No. 3 on Gage Sizes and Mounting Dimen- 
sions, H. B. REYNOLDS 

No. 4 on Accuracy and Test Methods, O. J. 
HopGeE 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized June, 1930 
A.S.M.E. Members (Total personnel, 25) 


L. W. WILLIAMS 
G. H. Wooprorre 


. H. DECHANT 
W. ERNEST 
. D. TANNER 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, HENRY Wysor 

No. 2 on Cold Finished Steels, L. E. 
CREIGHTON 

No. 3 on Hot Rolled Iron (to be appointed) 


SPECIFICATIONS FOR LEATHER 
BELTING (B42) 


*Sole sponsorship. Sectional Committee 
organized February, 1931 
AS.M.E. Members (Total personnel, 24) 


H. T. Coates 
R. W. Drake t 
W. E. EMLey 


Kine HaTtHAWAY 
P. G. Rwoaps 
G. A. SCHIEREN 


AS.M.E. SOCIETY RECORDS, PART 1 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Standard Specifications (to be ap- 
pointed) 

No. 2 on Recommendations for Selection, 
Care and Installation, G. A. SCHIEREN 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized May, 1932 


A.S.M.E. Members (Total personnel, 68) 


X. F. Gage, Chairman 
E. J. ABporr 

J. BRYANT 

T. G. CRAWFORD 
R. C. DEALE t¢ 
U.S. EBERHARDT 
S. A. EINSTEIN 
W. W. GILBert 
J. J. HARMAN 

R. E. W. HARRISON t 
F. V. HartMAN 
F. O. HOAGLAND 
H. J. 
R. T. Kent 

H. F. Kurtz 
JOSEPH MANUELE 
F. C. SPENCER 

C. C. STEVENS 
W. C. STEWART 
J. S. TAWRESEY 
C. H. WHITAKER 
ERNEST WOOLER 


SUBCOM MITTEE CHAIRMEN 


Special Subcommittee on Revision and Edit- 
ing. R. F. Gage 

No. 2 on Surtaces Produced by Molds, Dies, 
Rolls, or Any Other Means of De- 
forming Materials (to be appointed) 

No. 3 on Coated Surfaces, G. B. HoGABoom 

No. 4 on Symbols for Indicating Surface 
Quality on Drawings, T. G. CRAWFORD 

No. 5 on Ways, Means and Apparatus for 
Measuring Quality of Surface (to be 
appointed ) 

No. 7 on Standards for Appearance of Sur- 
faces (to be appointed) 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committee 
organized June, 1933 


A.S.M.E. Members (Total personnel, 22) 


C. E. Bronson, Chairman 
W. G. CHRISTY 

JOHN HUNTER 

A. J. JOHNSON 

V. G. Leacu 

J. P. Macgos 

J. F. McIntire 

F. L. MEYER 

C. A. 

JOHN VAN Brunt t 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 

No. 2 on Combustion and Design, B. M. 
GUTHRIE 

No. 3 on Warm Air Furnaces, J. H. MANNY 

No. 4 on Steel Heating Boilers, W. B. Rus- 
SELL 

No. 5 on Cast Iron Boilers, J. F. MCINTIRE 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 
A.S.M.E. Members (Total personnel, 35) 

H. S. SMITH 

FRANK THORNTON, JR. 
ROWLAND TOMPKINS 
FRANK UMBEHOCKER 


Kk. ASHLEY 
W. L. BUNKER 
CROSBY FIELD 
Kk. L. Hopping 
H. L. Miner 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, A. S. HEBBLE 

Identification by Colors (to be appointed) 

Classification, CROSBY FIELD 

Identification Markings Other Than Color 
(to be appointed) 

Editing Subcommittee, A. S. HEBBLE 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 
TION OF PLUMBING EQUIPMENT 
(A40) 


* Joint sponsorship with The American 
Public Health Association. Sectional 
Committee organized August, 1928 


A.S.M.E. Members (Total personnel, 54) 


C. B. LePage, Acting Necretary 
J. F. CARNEY, Alternate 
J. J. Crorry 
A. M. Houser 
G. W. MARTIN 
(A. H. MorcGan, Alternate) 
W. K. McAFEE 
THORNDIKE SAVILLE + 
W. RK. Webster 


SUBCOM MITTEE CHAIRMEN 


Research Committee on Plumbing (to be 
appointed ) 
No. on Minimum Requirements — tor 
Plumbing, T. I. Cor 


No. 2 on Staple Vitreous China Plumbing 
Fixtures, H. R. VAN ScIVER 

No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. Van 
SCIVER 

No. 4 on Enameled Sanitary Ware, A. H 
CLINE, JR. 


No. 5 on ‘Traps (to be appointed) 


No. 6 on Brass Plumbing Products (to be 
appointed ) 
No. 7 on Brass Fittings for Flared Coppe 


Tubes, F. L. RigGin 

No. 8 on Cast Iron Soil Pipe and Fittings 

(to be appointed) 

on Gasoline, Oil and Grease Separa 

tors (to be appointed) 

Joint Committee on Threaded Cast Iron 
Pipe, F. H. Moreneap 

No. 11 on Soldered Fittings for Tubing, A 
M. Houser 

No. 12 on Minimum Air Gaps in Plumbing 


Systems, W. K. McAFEE 


No. § 


= 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 

* Joint sponsorship with the National Elec- 
trical Manufacturers Association. Sectional 
Committee organized March, 1929 
A.S.M.E. Members (Total personnel, 16) 


J. BRYANT 


| 
J 
A 
E 
a 
H 
R 
E. 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


(Continued) 


EARLE BUCKINGHAM t+ 
(A. B. MorGan, Alternate) 
EK. S. SANDERSON + 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Neience, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the Society for the Promotion of Engineer- 
ing Education. Sectional Committee organ- 
ized January, 1926. Reorganized October, 
1935 


A.S.M.E. Members (Total personnel, 44) 


S. A. Moss, Vice-Chairman + 
K. H. Conprr 
RK. E. PETERSON + 

(S. R. BEITLER, Alternate) + 


G. A. STETSON 
FRANK THORNTON, JR. 
KE. P. WARNER 


SUBCOMMITTEE CHAIRMEN 
Executive Committee, H. M. TURNER 
Steering Committee, H. M. TURNER 
No. 1 on Letter Symbols and Signs for 
Mathematics, A. A. BENNETT 

No. 2 on Symbols for Hydraulics, C. 
STEVENS 

No. 3 on Symbols for Mechanics, R. E. 
PETERSON + 

No. 4 on Symbols for Structural Analysis. 
ALBERT HAERTLEIN 

No. 5 on Symbols for Heat and Thermody- 
namics, S. A. Moss ¢ 

No. 6 on Symbols for Photometry, E. ©. 
CRITTENDEN 

No. 7 on Aeronautical Symbols. G. W 
LEWIS 

No. 8 on Symbols for Electric and Magnetic 
Qualtities, EpwARD BENNETT 

No. 9 on Symbols for Radio, H. M. TURNER 

No. 10 on Symbols for Physics, H. K. 
HvuGHES 

No. 1l on Abbreviations for Engineering 
and Scientific Terms. G. A. STETSON 


DRAWINGS AND DRAFTING ROOM 
PRACTICE (Z14) 


* Joint sponsorship with the Society for the 
Promotion of Engineering Education. See- 
tional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 46) 


T. E. Frencn, Chairman 
H. P. FReAR 

DER. FurMANn 

J. J. HARMAN 

A. C. HARPER 

E. R. 

SAMUEL KetcuumM ¢ 

C. W. KEUFFEL 

F. R. LANEY 

H. B. LANGILLE 

MICHEL, Alternate 
F. W. Mine 

W. C. MveELLER 

E. B. Nem. 


AS.M.E. SOCIETY RECORDS, PART 1 


J. W. QweNs 

C. PANUSKA 

kp S. t 
ROWLAND TOMPKINS 


SUBCOM MITTEE CHAIRMAN 


Subcommittee on Revision, F. G. HIGBEE 


GRAPHIC PRESENTATION (Z15) 


“Sole sponsorship. Sectional Committee 
organized November, 1926 


A.S.M.E. Members (Total personnel. 30) 


G. E. HAGEMANN,. Necretary t+ 
C. M. BIGELow 

WALLACE CLARK 

T. E. FrRencu 

D. B. Porter 7 


SUBCOM MITTEE CHAIRMEN 


No. | on Plan and Scope (to be appointed) 

No. 2 on Terminology (to be appointed) 

No. 3 on Preferred Practice for Time 
Series Charts, A. H. RICHARDSON 

No. 4 on Engineering and Scientific Graphs, 
W. A. SHEWHART 


SPEEDS OF MACHINERY (Z18) 


“Sole sponsorship. Sectional Committee 
organized May, 1928 


A.S.M.E. Members (Total personnel, 27) 


C. M. BieeLtow 
J. F. DaGGetr 
R. C. DEALE t¢ 
DISERENS 
F ENGLISH 
P. G. Rnoaps 
Fk. C. SPENCER 


SUBCOM MITTEE CHAIRMEN 


1 on Plan and Scope, A. E. HALL 
No. 2 on Questionnaire and Canvass of In- 
dustry, F. S. ENGLISH 
No. 3—Special Reviewing Committee (to 
be appointed) 


GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE ON 
DRAWINGS (Z32) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized April, 1936 


A.S.M.E. Members (Total personnel, 48) 


E. E. ASHLEY 
J. M. BARNES 
T. E. FRENCH t 
G. F. HAaBAcH 
D. T. HAMILTON 
J. J. HARMAN 
W. C. MUELLER 
L. L. MUNIER 
F. C. PANUSKA t 
W. C. STEWART 
T. R. THomas 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering, T. E. Frencu 

No. 2 on Symbols for Use in Electrical En- 
gineering, H. W. SAMSON 

No. 3 on Abbreviations for Use on Draw- 
ings, T. E. FrReENcH 


RI-31 
DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 
Joint sponsorship with the American Math- 
ematical Society, American WSociety for 
Testing Materials, American Statistical As- 


sociation, and Institute of Mathematical 
Statistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 9) 


G. ASHCROFT 
L. K. Sricox 
J. S. TAWRESEY 


A.S.M.E. Representatives on 
Miscellaneous Standardization 
Committees 


Nee also A.S.M.E. Representatives on Other 
Activities, page RI-9 


ACOUSTICAL MEASUREMENTS AND 
TERMINOLOGY 


* Nponsor body: Acoustical Society of 
America 


(J. S. PARKINSON, Alternate) 
(R. V. Parsons, Alternate) 


AERONAUTICS 


* Nponsor body: Society of Automotive 
Enginers 


E. A. Sperry, JR. 


BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILATION 


* Sponsor bodies: Federal Housing Admin- 
istration, and U.S. Publie Health Service 


F. R. ScHERER 


CAST IRON AT ELEVATED 
TEMPERATURES 


Subcommittee of American Society for 
Testing Materials Committee A-3 
on Cast Iron 


D. B. RossHEIM 


COAL AND COKE 


Committee of American Society for Test- 
ing Materials 


R. M. HaArpGRove 
DEFINITIONS OF ELECTRICAL 
TERMS 


* Sponsor body: American Institute of 
Electrical Engineers 


C. H. Berry 


DRAINAGE OF COAL MINES 


* Nponsor body: American Mining Congress 
O. M. Pruitt 


ELECTRIC WELDING APPARATUS 


* Sponsor bodies: American Welding 
Society 


R. E. KinKEAD 


ay 
al 
) 
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FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 


* Sponsor body: American Trucking 
Association, Ine. 


M. C. MAXWELL 


MANHOLE FRAMES AND COVERS 


* Sponsor bodies: ASA Telephone Group, 
and American Society of Civil Engineers 


ANTON HANSEN 


ASA MECHANICAL STANDARDS 
COMMITTEE 


ALFRED IppLEs, Chairman + 
(A. L. Baker, Alternate) + 
J. E. ENNIS 
E. W. ERNEST 
F. O. HOAGLAND 
(M. E. LANGE, Alternate) 
E. L. Hoprrne 
F. H. MoreEHEAD 
(A. M. Houser, Alternate) 
H. H. Morgan 
FRANK THORNTON, JR. 
H. L. WHITTEMORE, Alternate 


Executive Committee, 
ALFRED IDDLES 
J. E. ENNIS 


METHODS OF TESTING WOOD 


* Sponsor bodies: U.S. Forest Service, and 
American Society for Testing Materials 


C. M. BicELOw 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT 


* Sponsor body: American Mining Congress 
RALPH SARGENT 


AS.M.E, SOCIETY RECORDS, PART 1 


PETROLEUM PRODUCTS AND 
LUBRICANTS 


* Sponsor body: American Society for 
Testing Materials 
R. G. N. Evans 
+. B. t 
(H. J. Masson, Alternate) 
(S. J. NEeEps, Alternate) 


PREFERRED NUMBERS 
* Special Committee of ASA 
K. H. Conpir 


RATING OF RIVERS 
* Sponsor body: U.S. Geological Survey 
D. W. Meap 


REQUIREMENTS FOR THE INSTALLA- 
TION OF GAS BURNING EQUIP- 
MENT IN POWER BOILERS 
* Sponsor body: American Gas Association 


O. F. CAMPBELL 


ROTATING ELECTRICAL MACHINERY 


* Sponsor body: ASA Electrical Standards 
Committee 


(To be appointed) 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 
“Sponsor bodies: American Gas Associa- 
tion, American Society for Testing Ma- 
terials, American Water Works Associa- 
tion, and the New England Water Works 
Association 


J. E. Gipson 
L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL 


* Sponsor body: American Institute of Min- 


ing and Metallurgical Engineers 


R. A. SHERMAN 
(E. L. Linpseru, Alternate) 


SPECIFICATIONS FOR FIRE TESTS 


OF BUILDING CONSTRUCTION 
AND MATERIALS 


* Sponsor bodies: 


American Society for Testing Materials 
R. C. PARLETT 


t Deceased, January 19, 1943. 


ASA Fire Protection 
Group, National Bureau of Standards, and 


SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES 
*Sponsor bodies: American Society for 


Testing Materials, and National Bureau of 
Standards 


R. M. HaArp@rove 


ASA STANDARDS COUNCIL 


ALFRED IDDLEs t+ 

J. EK. Lovey t 
(C. B. LePage, Alternate) t¢ 
(W. C. MUELLER, Alternate) t¢ 


SPECIAL COMMITTEE ON STANDARD- 
IZATION OF THERBLIGS, PRO- 
CESS CHARTS, AND THEIR SYM- 
BOLS 


D. B. Porter, Chairman 
R. W. ALLEN 

R. M. BARNES 

C. H. Cox 

L. M. GILBRETH 

J. M. JuRAN 

H. B. MAyNarp 

J. A. PIACITELLI 

G. M. VarGa 


THERMAL INSULATING MATERIALS 


Committee of American Society for Testing 
Materials 


R. H. HerMan 
U.S. INTERDEPARTMENTAL COM.- 
MITTEE ON SCREW THREADS 
EARLE BUCKINGHAM 


A. M. Houser 
J. W. Huckert 


VOLUME WATER HEATING 


Committee of American Gas Association 


Marc REseK 


WIRE ROPES FOR MINES 


* Sponsor body: American Mining Congress 
E. S. WELLHOFER 


— 
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POWER TEST CODES COMMITTEES 


ARTICLE B6A, Par. 27: The Standing Committee on Power Test Codes shall, under the 


direction of the Council, have supervision of all the activities of the Society in connection 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 

The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical com- 
mittees appointed to develop particular codes. This work began in 1884. 


STANDING COMMITTEE 


FRANCIS HopGKINSON, Chairman (1944) 
\. G. CHRISTIE, Vice-Chairman (1946) 
J. A. KEENE, Junior Observer (1943) 


Term expires 1943 


Louis ELLiorr 
G. A. HORNE 
H. B. ReyNoips 
P. W. Swain 
E. N. TrumMpP 


Term excpires 1944 


C. H. Berry 

FRANCIS HODGKINSON 
D. S. Jacosus 

L. F. Moopy 

E. B. Ricketts 


Term expires 1945 


THEODORE BAU MEISTER 
P. H. Harpire 

B. V. E. NorpBERG 

R. J. S. Picorr 

M. C. Stuart 


Term expires 1946 


\. G. CHRISTIE 
PAUL DISERENS 
N. R. Gipson 
A. ORROK 
E. B. Power 


Term expires 1947 


(To be appointed ) 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 
Reorganized, 1939 


THEODORE BAUMEISTER, Chairman 
PauL DISERENS 

HENRY KREISINGER 

A. R. MuMForp 

R. H. SNYDER 

C. R. SopERBERG 

M. C. Stuart 

P. W. Swain 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 
Reorganized, 1936 


R. J. S. Chairman 
L. J. Briees 

W. F. Davipson 

L. S. Marks 

(. S. PETERSON 

F. G. 

J. C. SMALLWoop 

P. W. Swain 

A. C. Woop 


(3) FUELS 
Appointed December, 1918 


W. J. WouHLENBERG, Chairman 
E. G. BAILEY 

H. W. Brooks 
S. B. Fiage 

D. M. Myers 
F. G. PHILO 

G. S. Pore 

E. B. RICKETTS 
E. X. 
NICHOLAS STAHL 
E. N. Trump 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 


Appointed December, 1918 


E. R. Fisn, Chairman 
A. D. BAILEY 

M. W. BENJAMIN 
B. J. Cross 
MARTIN FRISCH 
P. H. Harpir 

R. M. HArpDGROVE 
ALFRED IDDLES 

E. L. LINDSETH 
E. L. McDoNnALp 
E. B. PowELL 

R. SHELLENBERGER 
R. L. SPENCER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized, 1931 


A. G. CHRISTIE, Chairman 
K. S. M. Davipson 
HENRIK GREGER 

J. A. HUNTER 

H. G. MUELLER 

B. V. E. NorDBERG 

A. V. SAHAROFF 

A. G. WITTING 


(6) STEAM TURBINES 
Appointed December, 1918 


C. H. Berry, Chairman 
I. E. Moutrrop, Secretary 
O. D. H. BENTLEY 

W. E. CALDWELL 

C. B. CAMPBELL 

A. G. CHRISTIE 

H. P. DAHLSTRAND 

V. M. Frost 

A. E. GRUNERT 
FRANCIS HODGKINSON 
S. A. Moss 

R. O. MULLER 

T. E. 

G. B. WARREN 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


R. D. Chairman 
E. H. Brown 

J. N. CHESTER 

J. E. Gipson 

G. L. KoLiBere 

M. B. MAcNEILLE 

D. W. MEAp 

L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized, 1936 


R. L. DauGHuerty, Chairman 
H. E. BeckwitH 
R. G. Fotsom 

R. C. GLAZEBROOK 
W. B. Gregory 
R. T. Knapp 

J. B. LIncotn 

M. B. MAcNEILLE 
L. F. Moopy 
ARVID PETERSON 
F. H. Rogers 
W. C. Rupp 

Max SPILLMAN 

F. G. Switzer 
W. M. WHiIte 

I. A. WINTER 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 191% 
Reorganized, 1935 


PAUL DISERENS, Chairman 
G. T. FELBECK 

C. R. Houguton 

J. F. HuvANE 

R. M. JoHNSON 

J. F. D. Smiru 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1929 


ARVID PETERSON, Chairman 

M. C. Stuart, Chairman (Fans 
E. L. ANDERSON 

THEODORE BAU MEISTER 

C. A. Boorn 

W. H. Carrier 

THOMAS CHESTER 

E. D. CurLey 

L. E. Day 

Z. G. DeuTscH 

H. Downs 

P 


PauL HorrMaNn 
F. H. JENKINS 


J. J. Gros 
H. F. Hacen 
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(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


(Continued ) 


H. D. KELSEY 

A. L. KIMBALL 
W. W. LAWRENCE 
R. D. MApIsoN 

L. S. MarKs 


(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 


Appointed December, 1918 


Gro. A. OrroK, Chairman 
P. H. Harpie, Secretary 
C. H. Baker, JR. 

J. F. GRACE 

D. W. R. Morgan 

H. B. REYNOLDS 

P. E. REYNOLDS 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 
Reorganized May, 1939 


B. H. JENNINGS, Chairman + 
A. C. BUENSOD 

(R. W. WATERFILL, Alternate) 
J. C. CONSLEY 

(H. B. Alternate) 
R. J. Ewer t¢ 
WALTER F. JONES 
M. A. NELSON t 
A. W. OAKLEY 
C. L. SvENSON 
FRANK ZUMBRO t 


(14) EVAPORATING APPARATUS 


Appointed December, 1918 


. TRuMP, Chairman 
. BUMP 

. NEWHALL 

. PARR 

ROGERS 


(15) STEAM LOCOMOTIVES 


Appointed December, 1918 


W. F. G. E. RHoaps 
H. B. OaTLey L. K. Srtitcox 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. SmitH 


(17) INTERNAL-COMBUSTION 

ENGINES 

Appointed December, 1918 
Reorganized, 1939 


Lee SCHNEITTER, Chairman 
F. H. DutcHer, Secretary 
J. C. BARNABY 


+ Official A.S.M.E. representative serving 
on this committee. 
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G. C. BovER 

H. E. DEGLER 

W. L. H. DoyLe 
L. B. JACKSON 

E. J. KATES 

E. C. MAGDEBURGER 
B. V. E. NoRDBERG 
RUSSELL PYLES 

M. J. REED 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 


Appointed December, 1918 
Reorganized, 1931 


S. L. Kerr. Chairman 
C..M. ALLEN 

L. M. Davis 

H. L. DooLirrLe 
W. F. DuRanp 

N. R. Gipson 

J. P. Growpon 

T. H. 

L. J. Hooper 

C. W. HusBarp 

. HUTCHINSON 
. McCorMAck 
. Moony 

W. J. RHEINGANS 
ROBERTS 

. STROWGER 
R. V. TERRY 

W. M. 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 


W. A. CARTER, Chairman 
C. M. ALLEN 

W. C. ANDRAE 

E. G. BAILEY 

. BEAN 

. Briggs 

. Davis 

. DE JUHASZ 
R. E. DILLon 

F. M. FARMER 

J. B. GRUMBEIN 
W. W. JoHNSON 
W. H. KENERSON 
E. S. LEE 

L. LinpsetH 
OsBoRN MONNETT 
A. Moss 

R. J. S. Picorr 
EF. B. RIcKETTS 
W. A. SLOAN 

R. B. SMITH 

I. M. Stern 


(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 


C. R. SopERBERG, Chairman 
C. L. AVERY 

R. J. CAUGHEY 

W. L. H. DoyLe 

HERBERT ESTRADA 

S. N. FIALA 

J. R. HAGEMANN 

W. C. 

S. L. Kerr 

A. F. SCHWENDNER 
RAYMOND SHEPPARD 

R. B. SMITH 
H. E. STicKLe 


APPARATUS 


1934 


(21) DUST SEPARATING 
Appointed October, 


M. D. ENGLE, Chairman 
OLLISON CRAIG, Secretary 
A. D. BAILEY 

H. H. Buspar 

W. G. Curisty 

. CROFT 

. DALLAV ALLE 

. DANZ 

. DOHRMANN 

FEHNEL 

. HAGEN 

. HARDIE 

HEDBERG 

. Leecn 

). MACOMBER 

. MELLER 

H. C. Murpuy 

B. F. 


A.S.M.E. Representatives on 
Other Technical Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


DEVELOPMENT OF DEFINITIONS FOR 
THE NET CALORIFIC VALUE 
AND GROSS CALORIFIC 
VALUE OF FUELS 
Nponsor body: American Society for 
Testing Materials 
W. J. WoHLENBERG 


COMMITTEE ON REDEFINING SO- 
CALLED STANDARD TON OF 


REFRIGERATION 
Nponsor body: American Society of 
Refrigerating Engineers 


G. B. Brieut 


COMMITTEE ON GASEOUS FUELS 
Sponsor body: American Society for 
Testing Materials 
Kk. X. 
COAL TESTING CODE COMMITTEE 


Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 


A. R. MuMFoRD 


SPECIFICATIONS FOR PRIME MOVER 
SPEED GOVERNING 
Joint sponsorship with the American Insti 
tute of Electrical Engineers 
C. L. AVERY 
HERBERT ESTRADA 
J. R. HAGEMANN 


RAYMOND SHEPPARD 
C. R. SopeRBERG 
A. F. SCHWENDNER 
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SAFETY COMMITTEES 
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ARTICLE B6A, Par. 25: The Standing Committee on Safety shall advise the Council on the 
activities of the Society having to do with engineering and industrial safety, except the 
activities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


STANDING COMMITTEE 


A. E. WINDLE, Chairman (1943) 
To be appointed (1944) 

k. R. GRANNISS (1945) 

H. W. Gapor (1946) 

J. R. CONNELLY (1947) 


SAFETY CODE FOR ELEVATORS (A17) 
“Joint sponsorship with The American 
Institute of Architects, and the National 
Bureau of Standards. Sectional Committee 
organized November, 1922 
Reorganized July, 1940 
A.S.M.E. Members (Total personnel, 49) 


O. P. CUMMINGS, Vice-Chairman 
C. R. CALLAWAY 

J. W. Degen 

D. L. 

BASSETT JONES 

D. L. LiInpquist 

M. B. McLAutTHLIn 

W.S. PAINE 

W. H. SeEaquist, Alternate + 
S. F. VoorHeEs 

H. L. WHITTEMORE 


SUBCOM MITTEE CHAIRMEN 
Emergency Elevator Rules, D. J. Purtnton 
Executive Committee, D. J. PURINTON 
Existing Elevators, D. J. PURINTON 
Inspectors’ Manual, K. A. CoLAHAN 
Mechanical Safety Equipment, D. L. 

QUIST 
Wire Rope, D. J. Purtnton 
Working, G. H. Reppert 


LINb- 


SAFETY CODE FOR MECHANICAL 
POWER-TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 

Association of Industrial Accident Boards 

and Commissions, and the National Conser- 

vation Bureau. Nectional Committee organ- 
ized February, 1921 

A.S.M.E. Members (Total personnel, 24) 


G. M. Nayior, Chairman 
P. G. Necretary 


D. C. Wrieut t 
N. Van Deruorr, Alternate) 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Detail Classification of Belts (to 
be appointed) 

No. 2 on Modification of Rule 223 for Cone 
Pulley Belt (to be appointed) 

No. 3 on Mechanical Power Control (to 
be appointed) 

No. 4 on Use of ASA Code Versus State 
Codes (to be appointed) 

No. 5 on Statistics on Place of Occurrence 
of Accidents (to be appointed) 

No. 6 on V-Belt Drives, D. C. Wrigur 


*Note: <All of the safety committees 
tor which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American No- 

ciety of Safety Engineers—Engineering Nec- 

tion, National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 24) 
D. L. Rover, Chairman 


H. D. Epwarps 
W. J. GRAVES 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 
* Joint sponsorship with the National Con- 


servation Bureau. Nectional Committee or- 
ganized November, 1925, reorganized, April, 


1937 
A.S.M.E. Members (Total personnel, 53) 
L. Rover, Chairman 
C. T. CoLLey 


W. J. GRAVES 

M. A. KENDALL 
(N. W. 

P. T. ONDEDONK 

C. G. PPEIFFER 

R. B. RENNER 


Alternate) 


F. J. SHEPARD, JR. 
J. G. WHEATLEY 


SUBCOM MITTEE CHAIRMEN 


No. | on All Types of Chain Conveyors. 
Belt Conveyors, Belt Elevators In- 
cluding Steel Belt, and Screw. Track 
or Scraper Conveyors, C. G. PFEIFFER 

No. 2 on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DALTON 

No. 3 on Cable-Operated and Cable Flight 
Conveyors and Cableways, R. McA. 
KEOWN 

No. 4 on Air, Steam, or Liquid Conveyors. 
J. J. MCNULTA 

No. 5 on Tiering, Piling, and Stacking Con- 


J. G. WHEATLEY 


veyors, 


SAFETY CODE FOR CRANES. 
RICKS, AND HOISTS (B30) 


DER- 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 53) 


R. H. Wuirte + 
H. L. WHITTEMORE 


LEWIS PRICE + 
H. ScHWERIN 


SUBCOM MITTEE CHAIRMEN 


Executive Committee, J. C. WHEAT 

No. 1 on Overhead and Gantry Cranes, R. 
H. WHITE 

No. 2 on Locomotive and Tractor Cranes, 
H. H. VERNON 

No. 3 on Derricks and Hoists, LEw1s Price 

No. 4 on Miscellaneous Equipment for 
Cranes and Hoists, L. W. Hopkins 

No. 5 on Jacks, E. W. CARUTHERS 

Editing Committee, H. H. VeERNoN 


A.S.M.E. Representatives on 
Other Safety Committees 


See also AS.M.E. Representatives on Other 
Activities, page RI-9 


SAFETY CODE FOR ABRASIVE 
WHEELS 


* Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 
Canada, and International Association of In- 
dustrial Accident Boards and Commissions 


J. B. CHALMERS 


SAFETY CODE FOR CONSTRUCTION 


WORK 


* Sponsor bodies: The American Institute 
of Architects, and National Safety Couneil 


C. H. O'NEIL 


COOPERATION WITH OTHER 
NEERING SOCIETIES 


ENGI- 


Committee of American Society of Safety 
Engineers-—Engineering Section of National 
Nafety Council 


H. L. MINER 


ASA SAFETY CODE CORRELATING 
COMMITTEE 
A. W. LUCE 
(A. E. Winpie. Alternate) 


SAFETY CODE FOR 
SYSTEMS 


EXHAUST 


International Association 
Accident Boards and Com- 
Missions 


T. F. Hatcu 


* Sponsor hody: 
of Industrial 


SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RAILINGS 
AND TOE BOARDS 


Nponsor body: National Safety Council 


A. E. WINDLE 


SAFETY CODE FOR FORGING 
HOT METAL STAMPING 


AND 


* Sponsor bodies: American Drop Forging 
Institute, and National Safety Council 


C. F. Park 


SAFETY CODE FOR LADDERS 


* Sponsor body: American Society of Safety 


Engineers—Engineering Section of National 
Safety Council 


H. C. HoveHtTon 


| 
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SAFETY CODE FOR LAUNDRY 
MACHINERY AND 
OPERATION 


* Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES 


* Sponsor body: Illuminating Engineering 
Society 


A. W. Luce 


LOW VOLTAGE ELECTRICAL 
HAZARDS 


Special Committee of the American Society 
of Safety Engineers—Engineering Section 
of National Safety Council 


J. P. JACKSON 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION 


* Sponsor body: American Society of 
Refrigerating Engineers 


O. A. ANDERSON 
Crossy FIELD 
E. W. GALLENKAMP 
W. F. Jones 
(A. W. OAKLEY, Alternate to all A.S.M.E. 
Representatives) 


PANEL OF CONSULTANTS TO ADVISE 
THE MERCHANT MARINE COUN- 
CIL AT U.S. COAST GUARD HEAD- 
QUARTERS, WASHINGTON, D.C. 


D. S. Jacosus 
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SAFETY CODE FOR PAPER 


PULP MILLS 


AND 


* Sponsor body: National Safety Council 


R. L. WELDON 


SAFETY CODE FOR POWER PRESSES 
AND FOOT AND HAND PRESSES 


* Sponsor body: National Safety Council 


J. B. CHALMERS 


SAFETY CODE FOR PREVENTION 
OF DUST EXPLOSIONS 


* Sponsor bodies: National Fire Protection 
Association, and U.S. Department of Agri- 
culture 


R. M. Ferry 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRA- 
TORY ORGANS OF INDUS- 
TRIAL WORKERS 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
(T. F. Hatcn, Alternate) 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES 


* Sponsor bodies: American Foundrymen’s 
Association, and National Founders Asso- 
ciation 


H. M. LANE 


SAFETY IN QUARRY OPERATIONS 


* Sponsor body: National Safety Council 


REDFIELD PROCTOR 


SAFETY CODE FOR RUBBER 
MACHINERY 
* Sponsor bodies: International Association 


of Industrial Accident Boards and Commis- 
sions and National Safety Council 


E. S. AULT 


SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS 


* Sponsor bodies: National Bureau of 
Standards and National Conservation 
Bureau 


T. A. WALSH, JR. 


SAFETY CODE FOR TEXTILES 


* Sponsor body: National Safety Council 


M. A. GoLrick, JR. 


SAFETY CODE FOR VENTILATION 


* Sponsor body: American Society of Heat- 
ing and Ventilating Engineers 
T. F. Hatcu 


SAFETY CODE FOR WALKWAY 
SURFACES 


* Sponsor bodies: The American Institute 

of Architects, and American Society of 

Safety Engineers—Engineering Section of 
National Safety Council 


G. K. PALSGROVE 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR 
* Sponsor body: International Association 


of Industrial Accident Boards and Com- 
missions 


L. J. ErBsen 
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BOILER CODE COMMITTEES 
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ARTICLE B6A, Par. 26: The Special Committee on Boiler Code shall, under the direction 
of the Council, have supervision of all the activities of the Society in connection with the 
A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 

The first Special Committee on Boiler Code was organized in September, 1911. 


SPECIAL COMMITTEE 


D. S. Jacopus, Honorary Chairman 
E. R. Fisu, Chairman 

H. B. OatLey, Vice-Chairman 
J. W. Sutetps, Secretary 

M. Jurist, Assistant Secretary 
C. A, ADAMS 

H. E. ALDRICH 

T. B. ALLARDICE 

H. C. BoarpDMAN 

PERRY CASSIDY 

R. E. Ceci 

A. J. 

V. M. Frost 

C. E. Gorton 

A. M. GREENE, JR. 

W.G. HuMPTON 

J. O. LEECH 

I. E. Mou.trop 

C. O. MyYeErs 

C. W. OBERT 

JAMES PARTINGTON 

D. B. RossHEIM 

D. L. Rover 

WALTER SAMANS 

S. K. VARNES 

A. C. WEIGEL 


Honorary Members 


W. H. W. F. Jr. 
W. F. DuRAND M. F. Moore 

T. E. DURBAN H. LeRoy WHiItTNry 
C. L. Huston 


CONFERENCE COMMITTEE 


R. Arcuer, Delaware 

M. Barrincer, Seattle, Wash. 
G. Botiock, St. Joseph, Mo. 
M. Book, Pennsylvania 

E. d. Brock, St. Louis, Mo. 

H. 8S. Brunson, Minnesota 

E. S. CARPENTER, Rhode Island 

L. M. Cave, Maryland 

S. CHERRINGTON, Ohio 

Ciry Borter INspr., Parkersburg, W.Va 
D. E. CHapwick, Kansas City, Mo 
A. L. Cosy, Louisiana 

A. J. Conway, Indiana 

M. A. Epo@ar, Wisconsin 

C. W. Foster, Omaha, Neb 

W. H. FurmMan, New York 

F. D. Garvin, Houston, Tex 
GERALD GEARON, Chicago, III. 

C. H. Gram, Oregon 

J. A. Grecory, Tampa. Fla 

C. W. Harness, Iowa 

F. A. HeckrnGcer, Memphis, Tenn. 
H. K. KvuGeE., District of Columbia 
P. N. LenoozkKy, Ohio 

M. L. Washington 

C. Luster, Miami, Fla. 

C. E. McGinnis, Los Angeles, Calif. 
H. H. Mitts, Detroit, Mich. 

J. A. Murpock, Massachusetts 
J.D. Newcomes, Jr., Arkansas 

W. L. Newton, Oklahoma 

F. A. Page, California 

L. C. Peat, Nashville, Tenn 

J. D. Reep, Texas 

C. Sarr Ler, West Virginia 


E. K. Sawyer, Maine 

J. F. Scorr, New Jersey 

C. I. Smirn, Utah 

Wma. E. Smirn, Hawaiian Islands 
J. A. Srrait, Tulsa, Okla. 

JoHN H. TuHorpr, Michigan 

C. E. Warp, North Carolina 


EXECUTIVE COMMITTEE 


D. S. Jacosus, Chairman 

H. E. ALpricu, Vice-Chairman 
E. R. 

V. M. Frost 

C. E. Gorton 

H. B. OaTLey 

C. W. OBERT 

JAMES PARTINGTON 


SUBCOMMITTEES 


OF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
F. H. Clark 

J. M. HALL 

H. B. OatLey 


CARE OF STEAM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 


F. M. Gipson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 

J. R. 

FRANK HENRY 

J. A. HUNTER 

H. J. Kerr 

P. B. PLAcE 

S. T. 

C. W. 

J. B. ROMER 


F. G. Straus 


COORDINATION 
V. M. Frost, Chairman 
E. R. Fisu 
C. W. OBERT 


FERROUS MATERIALS 
D. B. RossHeim, Chairman 
A. B. BAGSAR 
L. D. Burritt 
E. C. CHAPMAN 
C. L. CLARK 
A. J. ELy 
H. J. Frencu 
W. R. Grunow 
M. B. Hiee1ns 
A. M. Howser 
W. G. 
A. HURTGEN 
T. McLeEAN JASPER 
J. J. KANTER 
H. J. Kerr 


J. MASON 

L. MocHEL 
L. RoBINson 
. SPOONER 
K. VARNES 
E. WHITE 
L. WILSON 


HEATING BoILers 


J. W. Turner, Chairman 
C. E. Bronson 

J. A. Darts 

Wma. FERGUSON 

C. E. Gorton 

L. N. Hunter 

W. E. STarkK 


MATERIAL SPECIFICATIONS 


J. O. Leecu, Chairman Pro Tem 
PerRY CASSIDY 

A. M. GREENE, JR. 

W. G. HumpPpTon 

P. J. SMITH 

A. C. WEIGEL 


MINIATURE BOILers 


C. E. Gorton, Chairman 
W. H. FuRMAN 

G. A. Luck 

C. W. OBERT 


NONFERROUS MATERIALS 


H. B. OatLey, Chairman 
J.J. AULL 

W. F. BURCHFIELD 

D. K. CRAMPTON 

J. R. FREEMAN, JR. 

A. M. Houser 

E. F. MILLer 

JOSEPH PRICE 

R. L. TEMPLIN 


Power Borers 


H. E. Avtpricu, Chairman 
T. B. ALLARDICE 

Perry CAssipy 

E. R. FisH 

V. M. Frost 

D. L. Royer 

A. C. WEIGEL 


RULES FOR INSPECTION 


(This subcommittee is being reorganized) 


SpectAL DESIGN 


. B. Wesstrom, Chairman 
. C. BoARDMAN 

. E. CEcIL 

W. GREENE 

. Is. RoSSHEIM 

. O. WATERS 

5. G. WILLIAMS 


UNFIRED PRESSURE VESSELS 


E. R. Fisu, Chairman 
C. A. ADAMS 

C. E. Bronson 

R. E. 

PAUL DISERENS 

H. S. SmirH 

D. B. WESsTROoM 


WELDING 


Members of A.S.M.E. Boiler Code 
Committee 


JAMES PARTINGTON, Chairman 
O. R. CARPENTER 
E. C. CHAPMAN 


CINZEI 


WELDING 
(Continued ) 
J. H. DEPPELER 
W. D. HALsey 
R. K. HopkKINs 


J. T. PHILLIPS 
L. A. SHELDON 


Members of Conference Committee of 
American Welding Society 


C. W. OBERT, Chairman 
C. A. ADAMS 

H. C. BoarpMAN 
WALTER SAMANS 

A. C. WEIGEL 


SPECIAL COMMITTEES 
APPROVAL OF NEW MATERIALS 
C. A. ApAMS, Chairman 
CLAD VESSELS 


S. K. VARNES, Chairman 
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EXTENSION OF FUSION WELDING 
REQUIREMENTS 


H. E. Chairman 


FEEDWATER 
C. W. Rick, Chairman 


ISSUANCE OF CODE SYMBOL STAMPS 


C. O. Myers, Chairman 


MATERIAL SPECIFICATIONS FOR PIPING, 
VALVES AND FITTINGS 


A. C. WEIGEL. Chairman 


RADIOGRAPHIC EXAMINATION OF WELDED 
JOINTS 


C. A. ADAMS. Chairman 


REVISION OF SECTION VIII oF THE A.S.M.E. 
BorLer Cope 


E. R. Fisu, Chairman 


RULES FOR BOLTED FLANGED CONNECTIONS 


D. B. Wesstrom, Chairman 


M. B. HigGins 


ror DisHep HEApS 
H. ©. BoarpMAN, Chairman 
RULES FOR OPENINGS 
T. D. Tirerr, Chairman 
SAFETY VALVE REQUIREMENTS 
H. B. Oartey, Chairman 


WokkK OF BOLLER CODE COM MITTEE 


H. Atpricn, Chairman 


API-ASME COMMITTEE ON UNFIRED 


PRESSURE VESSELS 
WALTER SAMANS, Chairman 
ANS.M.E. Representatives 


T. McLEAN JASPER 
JAMES PARTINGTON 


Cron. 
. Fisu 
JACOBUS 


Representatives 


WALTER SAMANS 
T. D. Tirrr 


A. J. Evy 


K. V. KInc 
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THE WOMAN’S AUXILIARY TO THE A.S.M.E. 


The Woman's Auxiliary to the A.S.M.E. was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the pro- 
fession of mechanical engineering; to cooperate with any committees of the A.S.M.E.; and 
daughters of the members of the Society or worthy students of 

scholarships; and to promote any other objects con- 


to assist the sons and 
in obtaining 


mechanical engineering 
objects of the A.S.M.E. 


sistent with the aims or 
NATIONAL OFFICERS 


President, Mrs. BE. C. M. STaun 
First Vice-President, Mrs. R. F. Gace 
Second Vice-President, Mrs. G. W. Farny 
Third Vice-President, Mrs. C. M. SAMEs 
Fourth Vice-President, Mrs. Justin J. McCarty 
Fifth Vice-President, Mrs. S. F. DUNCAN 
Recording Secretary, Miss Burtie Haar 
Corresponding Secretary, Mrs. Crospy Freip 
Treasurer, Mrs. A. H. Morgan 


STANDING COMMITTEE CHAIRMEN 
Student Loan, Mrs. R. F. Gage 

Membership, Mrs. G. E. HAGEMANN 
Calvin W. Rice Scholarship, Mrs. H. N. 
Custodian, Miss Burrit HAAR 


DAVIS 


COUNCIL REPRESENTATIVES 


JAMES W. PARKER 
Wakren H. McBrype 


OFFICERS OF LOCAL SECTIONS 
CLEVELAND 


Chairman, Mrs. F. WARREN Brooks 


Los ANGELES 


Chairman. Mrs. Epwarp TIMBs 


METROPOLITAN 


Chairman, Mrs. J. NoBLte LANpIS 
First Vice-Chairman, Mrs. Geo. E. HAGEMANN 
Second Vice-Chairman, Mrs. C. H. Youne 
Third Vice-Chairman, Mrs. EArt SMITH 
Recording Secretary, Mrs. C. F. Kayan 
Corresponding Secretary, Mrs. WALpo M. McKee 
Treasurer, Mrs. C. E. Gus 


PHILADELPHIA 
Chairman, Mrs. Justin J. McCartuy 


R1-40 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
A.S.M.E. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards may be 
obtained from the headquarters of the Society. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-43. 

Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
orary Member of the Society, is a gold medal to be bestowed, 
together with an engraved certificate, for an outstanding contribu- 
tion to engineering literature. 


Melville Medal, established in 1914 by the bequest of Rear- 
Admiral George W. Melville, Honorary Member and Past-Presi- 
dent of the Society, to be presented, together with an engraved 
certificate, for an original paper or thesis of exceptional merit, 
presented to the Society for discussion and publication, to encour- 
age excellence in papers. The medal may be presented annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board of Honors and Awards. 


Spirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50, made every 
three years, for the best paper on an aeronautic subject presented 
at any A.S.M.E. meeting during the three-year period either per- 
sonally by the author (a Junior Member of the Society under 
thirty years of age) or by a Junior Member designated by him, 
and submitted to the Committee on Medals within a reasonable 
period (to be determined by the Committee) after its initial 
presentation. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to a young mechanical engineer for outstanding achieve- 
ment in his profession within the ten years after graduation from 
a regular four-year mechanical engineering course of a recognized 
American college or university. Any mechanical engineering 
graduate, not more than thirty-five years of age, whose achieve- 
ment has been all or in part in any field including industrial, edu- 
cational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 
the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairmen of the Student 
Branches. 
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AWARDS 


Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards tor 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Maw Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research, 

Woman's Auriliary: Educational Loan Fund offered by the 
Woman's Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. Calvin W. 
Rice Memorial Scholarship Fund for students in mechanical engi- 
neering trom South America. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were made. 
There were no awards for the years not listed. 


A.S.M.E. MrepAL 


1921 HJaLMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark IIL drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922. FrepertcK ARTHUR HALsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923. JoHN RipLey FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fire 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 Witrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 


1928 JULIAN KENNeDY, for his services and contributions to the 
iron and steel industry 
1929 LERoy Emmet, for his contributions in the de- 


velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 ALpBerT KinGssury, for his research and development work 
in the field of lubrication 

1933. AMBROSE Swasky, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934 Wiis H. CARRIER, in recognition of his research and de- | 
velopment work in air-conditioning 


1935 CHARLES T. MAIN, fox distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 EpwaArp Bauscu, for meritorious mechanical developments 


in the field of optics 
1937. Epwarp P. BULLARD, for outstanding leadership in the de- 
velopment of station-type machine tools 
STEPHEN J. Picgort, for outstanding leadership in marine 
propulsion and construction 
1939 JAMES E. GLEASON, for service to the cause of safer and 
better transportation 
CHARLES F. KETTERING, for outstanding inventions and 
research 
1941 THEODOR VON KARMAN, for his brilliance as a teacher, his 
researches in elasticity and many fields of physics and me- 
chanics, and his distinguished leadership in the fields of 
aerodynamics and aircraft design 
1942 E. G. Batey, for achievement and leadership in steam and 
combustion engineering. 


1938 


1940 


1924 


1927 


1929 


1934 


1942 


1933 


1934 


1935 


1936 


1937 


1938 


1939 


1940 


194] 


1942 


1927 
1929 
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MEDAL 


HJALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in World War I (diploma in recognition of 
achievements presented in 1921) 

ELMER AMBROSE SPERRY, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron CHUZABURO SuiBa, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods 

IRVING LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CorTrELL, for preeminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
FRANCIS HopGKINSON, for meritorious services in the devel- 
opment of the steam turbine 

CaRL E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epwin Howarp ARMSTRONG, for his leadership in the field 
of radio communication 

JOHN C. GARAND, for the invention and development of the 
semi-automatic rifle, which has been adopted by the U.S. 
Army as the U.S. Rifle, Caliber .30, M1, an outstanding 
contribution to our national defense 

Ernest O. LAWRENCE, for originating the cyclotron, a unique 
invention for producing high-speed electrified particles, and 
for adapting it to research in physies, chemistry, medicine, 
and the properties of engineering materials. 


Worcester REED WARNER MEDAL 


Dexter S. KIMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

RALPH E. FLANDERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 

CHARLES M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. H1ikSHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

RupEN EKSERGIAN, for influential papers of permanent value 
in A.S.M.E. Transactions 

WILLIAM BENJAMIN GREGORY, for distinguished work in 
hydraulic engineering, which has been the basis for many 
engineering papers 

RicHARD VYNNE SOUTHWELL, for his many distinguished 
services to engineering and science through papers and pub- 
lications in many fields, including aeronautics, theory of 
structures, elasticity, and hydrodynamics 

Frep H. Cotvin, for his contributions to both technical ad- 
vancement and improvement in management in the metal- 
working industries, as influenced by more than fifty years 
of articles and books—particularly American Machinists’ 
Handbook. 


MELVILLE MEDAL 


Leon P. AtForp, “Laws of Manufacturing Management” 
JosePpH W. Roe, “Principles of Jig and Fixture Practice” 


1930 


1931 


1932 


1929 
1932 
1935 


1938 


1941 


1941 


1938 


1939 


1940 
1941 


1942 


1915 
1916 
1919 


1921 
1922 


1923 


1924 
1925 


HERMAN DtepERICHS and WILLIAM D. Pomeroy, “The Oc. 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

ArtHUR E. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. STEPANOFF, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

WILLIAM E. CALDWELL, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscak R. WIKANDER, “Draft-Gear Action in Long Trains” 
H. A. Stevens Howartu, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
ALFRED J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Lipetz, “Air Resistance of Railroad Equip- 
ment 

LesteR M. GotpsmitTH, “High-Pressure High-Temperature 
Turbine-Electric Steamship J. W. Van Dyke” 

CarL A. W. Branpt, “The Locomotive Boiler” 

Rocer V. Terry, “Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine” 

J. KennetH “The Steam-Turbine Regenerative 
Cycle—An Analytical Approach.” 


Sprrit or Saint Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

PavuL LITCHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Rocers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform 
JAMES H. DOoo.iTr_e, for meritorious service in the advance- 
ment of aeronautics 

JoHN E. YouNGER, for notable contributions to the science 
of airplane design, particularly in the conception, analysis, 
and supervision of the development of the fundamental 
design principles, requirements, and criteria which first as- 
sured the success of the pressure-cabin type of high-altitude 
airplane. 


Sprrit or Sarnt Louis JuNion AWARD 


Wisur W. ReAser, for his paper, “Calculation of the Heat 
Loss from an Airplane Cabin.” 


Pr Tau MEDAL 


Witrrip E. JOHNSON, for his development work in the field 
of refrigeration 

JoHN I. YELLOTT, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

GeorcGeE A. HAWKINS, for significant achievements in high- 
pressure steam research and engineering education 

R. Hosmer Norris, for outstanding achievement in me- 
chanical engineering, particularly in the heat-transfer field 
JoHN T. RETTALIATA, for outstanding achievement in me- 
chanical engineering. 


JUNIOR AWARD 


Ernest O. Hickste1n, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMItian, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Her~Man, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. KALiaM, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and Sasrn Crocker, “The Elasticity of Pipe 
Bends” 

R. H. HEILMAN, “Heat Losses Through Insulating Material” 
GiLpert 8S. ScHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 
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1929 


1930 
1931 
1932 


1933 


1934 
1935 


1936 


1937 


1932 


1933 


1934 


1935 


1936 


1937 


1938 


1939 


1940 


1941 


1942 


WILLIAM M. FRAME, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AIseNSTEIN, “A New Method of Separating the Hy- 
draulie Losses in a Centrifugal Pump” 

ARTHUR M. WaAnL, ‘Stresses in Heavy, Closely 
Helical Springs” 

Ep SINCLAIR SMITH, “Quantity-Rate Fluid Meters” 
M. K. Drewry, “Radiant-Superheater Developments” 
EpMoNnpD M. WAGNER, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

JouN I. YELLorr, JR., “Supersaturated Steam” 

STANLEY J. MikiNA, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MULLIKAN, JR., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 

J. Hooper, “American Hydraulic-Laboratory Prac- 
tice” 

ARTHUR C. STERN, “Separation and Emission of Cinders and 
Fly Ash” 

Ropert E. Newton, “A Photoelastic Study of Stresses in 
Rotary Disks” 

Joun T. Rerraurata, “The Combustion Gas Turbine” 
Winston M. Duptey, “Analysis of Longitudinal Motions in 
Trains of Several Cars.” 


Coiled 


CHARLES T. MAIN AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No Award. Subject: “The Influence of Engineering on Farm 
Production” 

JULES PopNossoFF, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Rosert E. Kuise, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
GrorGE D. WILKINSON, JR., Newark College of Engineering. 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

P. Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 

G. LoweLL WILLIAMS, Lafayette College. Subject: “Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Development in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. STERN, Case School of Applied Science. Subject: 
“The Infiuence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. CoNNOLLY, University of Detroit. Subject: 
“Economic Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Bricut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FRANK DE PovuLp, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 

JOHN J. BALuN, University of Detroit. Subject: “The Need 
and Possibilities of Participation by Engineers in Public 
Affairs” 

BERNARD J. ISABELLA, Case School of Applied Science. Sub- 
ject: “The Engineer and Preparation for the Coming 
Peace.” 


Subject: 
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1916 


1917 


1919 


1920 


1921 


1923 


1924 


1925 


1926 


1927 


1928 


1929 


1930 


1931 


1932 


1933 


1934 


1935 


STUDENT AWARD 


30YNTON M. GREEN, Stanford University, “Bearing Lubri- 
cation” 

Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. ApAM, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. HAmMMonpD and C. W. Hotmpere, The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. E. Hetmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 

Howarp G. ALLEN, Cornell University, “Wire Stitching 
Through Paper” 

Kart H. Waite, University of Kansas, “Forces in Rotary 
Motors” 

RicHarp H. Morrts and Atsert J. R. Houston, Universit 
of California, “A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHARLES F. OLMstrEeAb, University of Minnesota, “Oil Burn 
ing for Domestic Heating” 

H. E. Doo.irrLe, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

GroRGE STuART CLARK, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FRANKLIN and CuarLes H. Smirn, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry PraAse Cox, JRr., Rensselaer Polytechnic Institute. 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W.S. MonrcoMery, JR., and E. Ray ENpers, Pennsy! 
vania State College, “Some Attempts to Measure the Draw- 
ing Properties of Metals” 

R. E. Pererson, University of Illinois, “An Investigation ot 
Stress Concentration by Means of Plaster of Paris Speci- 
mens” 

Ceci, G. HEARD, University of Toronto, “Pressure Dis 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips 
Model Tests” 

ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 

Rocer Irwin Esy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 
CLARENCE C. FRANCK, Johns Hopkins University, ‘“Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistrRoM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE WHITE, University of Washington, “An 
Investigation of a Rotary Pump” 

GERARD EDEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. ADAMS and RicHArp L. Stiru, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JULES PopNossorF, Polytechnic Institute of Brooklyn, “Pres 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 

WiLuiAM A. MAson, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Hueco V. CorpiAno, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

JAMES A. OSTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 

H. Reynotps Hupson, Georgia School of Technology, “Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

CHARLES P. BacHa, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 


RI-42 
1927 
1928 
| 
|| 
|| 
1938 
1940 
1941 
1942 
|| 
1925 
1927 
1928 
1929 
1930 
1931 | 
|| 
| 
| 
| | 
| 


AS.M.E. SOCIETY RECORDS, PART 1 


1936 


1937 


1938 


1939 


1940 


Rosert W. BEAL, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 

DeWirr D. Bartow, Jr., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts with Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MARSHALL ©. LonG, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

Donatp C. McSortey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davip T. JAMES, Michigan State College, “Bells 
ing Their Tones” (Undergraduate Award) 
GrorGe W. SHePHerD, JR., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 


Concern- 


HONORARY MEMBERS IN 


HONORARY 


1941 


1942 


1927 
1928 
1929 
1931 
1932 
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Kpwarp D. Rowan, Oregon State College, “Powder Metal 


lurgy” (Undergraduate Award) 

G. WALKER GILMER, III, University of Florida, “Center of 
Pressure Characteristics of a Marconi Yacht Sail” (Under- 
graduate Award) 

ArtHUR W. McCiure, Princeton University, “A Specific 
Speed Analysis of Turbosuperchargers for Aircraft” (Post- 
graduate Award) 

J. PackKArD Larrp, Princeton University, “An Analysis of 
Motoreycle Behavior” (Undergraduate Award). 


FREEMAN TRAVEL SCHOLARSHIP 


HerBert N. EATON 
BLAKE R. VAN LEER 
Ropert T. KNAPP 
REGINALD WHITAKER 
G. Ross Lorp 


1933)\ J. CASEY 


1934 J 
1935 ) 


SVieror L 


1936 | 


MEMBERS 


STREETER 


ELECTED DIED ELECTED DIED 
PERPETUITY Sirk CHARLES Fox.. 1900 1921 CawrHorne Unwrn 1898 1933 
Joun Riptey FREEMAN..... 1932 1932. SAMUEL MATTHEWS VAUCLAIN 1920 1940 
ALEXANDER LYMAN Founder of Fritz ............. 1900 1913 Henry VauGHan.... 1939 1942 
Society. Died 1882. : ; : MAJOR-GENERAL GEORGE OSKAR VON MILLER.......... 1912 1934 
Joun Epson Sweet, Founder of the So WaAsHINGTON GOETHALS 1917 1928 Francts A. WALKER........ 1886 1897 
ciety. Died 1916. . FRANZ GRASHOF ............ 1884 1893. Worcester REED WARNER... 1925 1929 
Henry RossiTer W ORTHINGTON, Founder of REAR- ADMIRAL RoBERT STAN- ({EORGE WESTINGHOUSE ..... 1897 1914 
the Society. Died 1880 ISLAU GRIFFIN ........... 1920 1933 Sir Witttam Henry Wuire. 1900 1913 
TIALLAUER 1882 1883 Sir ALFRED FERNANDEZ YAR- 
DECEASED HONORARY MEMBERS CHARLES HAYNES HASWELL... 1905 1907 1914 1932 
NATHANAEL GREENE HERREs- 
HOFF... 1921 1938 LIVING HONORARY MEMBERS 
LEON PRATT ALFORD........ 1941 1942 FRIEDRICH GUSTAV HERRMANN 1884 1907 
AIZEN 1889 Gustav ApoLpH HIRN....... 1882 1890 ELECTED 
LORENZO ALLIEVI ........... 1937 1889 1901 LAMONT ABROTT.... 1940 
Sig WILLIAM ARROL........ 1905 Ina. N. 1008 1930 Roperr W. ANGUS................ 1940 
Siz JOHN AUDLEY FREDERICK Rosert Wooiston Hunt.... 1920 1923. Kpmunp Bruce BALL............. 1939 
WILLIAM WALLACE WOOD 1894 1915) H. 1942 
ATTERBURY ....... 1935 Henri LEAUTE -..... 1916 Mortimer E_wyn Coo.tey......... 1928 
Sik BENJAMIN BAKER....... 1907 ERASMUS Darwin LEAVITT 1915 1916 FREDERICK DURAND...... 1934 
JOHANN BAUSCHINGER ...... 1884 1893 Henri Le CHATELIER...... 1927 1936 (CHaRLEs E. Fermmis................ 1942 
Sin HENRY BESSEMEN....... 189] 1898 ANATOLE MALLET ....... 1912 1919° ArrHUR M. GREENE, JR............ 1940 
Sik FrReDeRIcK JoseEPH BrAmM- CHARLES H. MANNING....... 1913 1919. Herpert CLARK Hoover........... 1925 
1884 1903) ReEAR-ADMIRAL GrorGE WAL CLARENCE Decatur Howe......... 1941 
JoHn ALFRED BRASHEAR..... 1908 1920 LACE 1910 1912. C. HUNSAKER............. 1942 
Guerave CANS? 1900 1908 THe HoNoRABLE Sin CHARLES Davip SCHENCK JACOBUS.......... 1934 
ANDREW CARNEGIE ......... 1907 1919 ALGERNON PARSONS ...... 1920 1931 NS er es 1929 
DANIEL KINNEAR CLARK 1882 1896 (CHARLES TALBOT PoRTER..... 1890 1910 DEXTER SIMPSON KIMBALL......... 1939 
JULIUS EMMANUEL EpwiIn JAY PRINDLE........ 1939 1942 AwperT KINGSBURY ............... 1940 
1882 1888 C. E. Rareav...... 1919 1930 CHARLES THOMAS MAIN........... 1936 
HUTCHINSON I. CONE.... 1936 1941 Sik Epwarp J. Reep........ 1882 1906 GeroRGE A. ORROK............. 1936 
Sin JOHN GOODE............ 1889 1892 PRANZ 1882 1905 GRANDE UFFICIALE ING. P1o PERRONE 1920 
CHARLES DE FREMINVILLE.... 1919 1936 PALMER C. RICKETTsS........ 1931 1934 ReAR ADMIRAL SAMUEL MURRAY 
1912 1913 1882 1898 James A. SEYMOUR............... 1940 
RUDOLPH DIESEL .......... 1912 1913 CHaRLEsS M. SCHWAB........ 1918 1939 yo) 1941 
1936 1942 WILLIAM SIEMANS....... 1882 1883 MaJoR GENERAL WILLIAM H. 
JaMEs Deeper ............. 1886 1906 Viscount SHIBUSAWA 1929 1931 1938 
Vicrork DWELSHAUVERS-DERY. 1886 1913. AMBROSE SWASEY .......... 1916 1937 LIGHT HONORABLE Lorp WEIR...... 1920 
THOMAS ALVA EDISON....... 1904 THOMSON ........... 1930 1937 Mason GENERAL CHARLES MACON 
ALEXANDRE GUSTAVE EIFFEL. . 1889 1929 HeNrY Ropinson TowNne.... 1921 1924 1941 
MARSHAL FERDINAND Focu.. 1921 19% 1882 1885 ORVILLE WRIGHT 1918 
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PAST-PRESIDENTS 


Dates in parentheses denote year of death. 


ALEXANDER LYMAN HOLLey, Chairman of the Preliminary Meeting 1911 Epwarp DANieL MEIER (1914) 
for Organization of The American Nociety of Mechanical Engineers 1912 ALEXANDER CROMBIE HUMPHREYS (1927) 
(1882) 1913 WILLIAM FREEMAN Myrick Goss (1928) 
1914 JAMES HARTNEsSS (1934 
1880-1882 ROBERT HENRY THURSTON (1903) 1915 JOHN ALFRED kr 
1883 ERASMUS DARWIN LEAVITT (1916) 1916 Davip SCHENCK JACOBUS 
1884 JoHN Epson Sweet (1916) 1917 Ira NELSON Howuts (1930) 
1885 JOSEPHUS FLAvius HoLtoway (1896) 1918 CHARLES THOMAS MAIN 
1886 COLEMAN SELLERS (1907) 1919 Mortimer ELwyn 
1887 Grorce H. Bascock (1893) 1920 Frep J. (1939) 
: 1888 Horace SEE (1909) 1921 Epwin 8S. CARMAN 
1889 Henry Rosinson Towne (1924) 1922 Dexter Stmpson KIMBALL 
1890 OBERLIN SMITH (1926) 1923 JoHN Lyte Harrineton (1942) 
1891 Ropert Wootston Hunt (1923) 1924 FrevertcK Low (1936) 
1892 Harpine Lorne (1907) 1925 WILLIAM FREDERICK DURAND 
1893-1894 EcKLEY BRINTON Coxe (1895) 1926 WILLIAM LAMONT ABBorT 
1895 Epwarp F. C. Davis (1895) 1927 CHARLES M. Scuwap (1939) 
1895 CHARLES ETHAN BILLINGS (1920) 1928 ALEX Dow (1942) 
1896 JOHN Fritz (1913) 1929 ELMER AMBROSE SpeRRY (1930) 
1897 Worcester REED WARNER (1929) 1930 Cuanizes Prez (1933) 
1898 CHARLES WALLACE Hunt (1911) 1931 Ror VY. Waiont 
1899 GEORGE WALLACE MELVILLE (1912) 1932 Conran N. LAvEr 


1900 CHARLES HILL MorGan (1911) 


"4 1933 A. A. POTTER 
1901 SAMUEL T. WELLMAN (1919) 
1902 Epwin Reynowps (1909) Dory (1938) 
1903 JAMES Mapes Dover (1915) 1935 RALPH E. FLANDERS 
1904 AMBROSE SwASEY (1937) 1936 WituiaM L. Barr 
1905 JoHN RIPLEY FREEMAN (1932) 1937 James H. HERRON 
1906 FREDERICK WINSLOW TAYLOR (1915) 1938 Harvey N. Davis 
1907 FREDERICK REMSEN Hutton (1918) 1939 ALEXANDER G. CHRISTIE 
1908 Mrnarp Larever HOLMAN (1925) 1940 WarreN H. McBrypde 
1909 JESSE MERRICK SMITH (1927) 1941 WILLIAM A. HANLEY 
1910 GEORGE WESTINGHOUSE (1914) 1942 JAMES W. PARKER 


TREASURERS 


Apr. 1880—Dec. 1881 Lycureus B. Moore * 
Dec. 1881—Nov. 1884 CHARLES W. CopELAND (1895) 


1894—1925 WILLIAM H. WILEY (1925) 
1925—1935 ERIK OBERG 
1935—date WILLIAM D. ENNIS 


SECRETARIES 


Organization Meeting, 1880 SAMUEL S. WEBBER, JR. (1921) 
Acting Secretary, Apr.-Nov. 1880 Lycureus B. Moore * 
Nov. 1880—Mar. 1883 ‘THos. WHITESIDE RAE (1895) 


1883—1906 FREDERICK R. Hutton (1918) 
1906—1934 CaLvIN W. Rice (1934) 
1934—date CLARENCE E. DAVIES 


* Deceased. Year not known. 
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Index to Society Records, Part 1 


numbers in this section are preceded by the letters “RI 


The page 
Abbreviations and Symbols, Graphical, Comm.. 31 
Abbreviations and Symbols, Letter, Comm..... 31 
Abrasive Wheels, Rep. on Safety Comm...... 35 
Acoustical Measurements, Reps. on Comm..... 31 
Admissions Comm. ‘ 
Advertising Manager, A.S.M.E............... 5 
Aeronautic Div. See Aviation Div. 
Aeronautics, Rep. on Standardization Comm... 31 
Air Conditioning Comms. 
14 
Aircraft Heat Transfer Comm............... 11 
Alfred Noble Prize, A.S.M.E. Rep........... 9 
Allowances and Tolerances, Gages, Comm..... 27 
American Association for the Advancement of 
Science, A.S.M.E. Reps............. 9 
American Standards Association, A.S.M.E. 
American Year Book Corporation, 
Applied Mechanics Div. Comms.............. 10 
ASA Standards Council, Rep. on............. 32 
A.S.M.E. Medal 
40 
Assistant Secretaries, A.S.M.E............... 5 
Awards, A.S.M.E. 
Awards Comm. See Honors and Awards Comm. 
Ball and Roller Bearings Comm............. 27 
7 
Board of Honors and Awards................ 6 
Boiler Code 
Revision of Section VIII, Special Comm.. 38 
Boiler Feedwater Studies Comm............. 25 
Openings, COMM. 38 
Boilers, Rules for Inspection of, Comm....... 37 
Boilers, Special Design of, Comm............ 37 
Bolted Flanged Connections, Rules for, Comm. 38 
Bolt, Nut, and Rivet Proportions Comm...... 29 
Building Code for Light and Ventilation, Rep. 
Calvin W. Rice Scholarship................. 40 
Cast Iron at Elevated Temperatures, Rep. on 
Cast Iron Pipes, Reps. on Comm............ 32 
11 
Center for Safety Education, A.S.M.E. Rep... . 9 
Charles T. Main Award 
Chucks and Chuck Jaws Comm.............. 28 
Coal and Coke, Rep. on Comm.............. 31 
Coal, Clean Bituminous, Rep. on Comm...... 32 
Coal-Handling Equipment, Rep. on Comm..... 32 
Coal Mines, Drainage, Rep. on Comm......... 31 
Coal Testing Code, Reps. on Comm........ 10, 34 
Colleges, Relations With, Comm............ 6, 23 
Compressed Air, Work in, Rep. on Safety 
Compressed Air Machinery and Equipment, 
Compressors and Blowers 
Centrifugal and Turbo, Comm........... 33 
Condensers, Water Heating, and Cooling 
Bowipment Comm. 34 
Constitution and By-Laws Comm............ 6 
Construction Work, Rep. on Safety Comm.... 385 
Consulting Practice 8 
Conveyors and Conveying Machinery, Safety 
Coordinating Comm. (Corrosion), Reps. on.... 26 
Coordination Comm. (Boiler Code).......... 37 
Coordination Comm. (Heat Transfer)........ 11 
Correlating Comm., ASA Safety Code, Reps. on 
Cosrdinating Comm., Reps. on.... 26 
Council, 
Cranes, Derricks, and Hoists, Safety Comm... 35 
Cut and Ground Thread Taps Comm......... 28 
Cutting of Metals, Research Comm........... 25 
Cutting Tools, Single-Point, Comm........... 28 
Daniel Guggenheim Medal Fund, Inc., A.S.M.E 


Definitions and Power Test Codes 

Depreciation Studies 
Dimensional Limits and Allowances Comm... 
Direct-Fired Fluid Heaters and Boilers Comm. 


Values, 


Displacement Pumps, Reciprocating Steam- 


Drawings and Drafting Room Practice Comm. 
Drying Comms. 
Dues-Exempt Members’ Contributions Comm. . 


Dust Explosions, Rep. on Safety Comm...... 
Dust Separating Apparatus Comm........ ese 
Economic St atus of the Engineer Comm...... 
Education and Training for the Industries 

Electrical Definitions, Rep. on Comm........ 
Electric Sockets and Lamp Bases Comm...... 


Electric Welding Apparatus, Rep. on Comm... 
Elevators Comm. 


Elevators, Safety Code Comm............... 
Engineering Foundation, A.S.M.E. Reps...... 
Engineering Organizations Within States Comm. 
Engineering Registration, National Bur. of, 
Engineering Societies, Cooperation in Safety 
Work, Rep. on 
Engineering Societies Library Board, A.S.M.E. 
Societies Monographs Comm., 
Engineering Societies Personnel Service, Inc., 

Ci ivic Responsibilities Comm....... 
Engineers’ Council for Professional Develop- 
Engineers’ National Relief Fund, A.S.M.E. 
Evaporating Apparatus Comm............... 
Exhaust Systems, Rep. on Safety Comm errr 


Feedwater, Boiler Code Comm 
Feedwater Studies, 


Fire Tests, Building Construction and Ma- 

terials, Rep. on Comm............. 
Floor and Wall Openings, Railings, and Toe 

Boards, Rep. on Safety Comm....... 
Food Processing 
Forest Fire Protection, Rep. on Comm........ 
Forging and Hot Metal Stamping, souls on 

Freeman Scholarship. See John R. Freeman 


Travel Scholarships 
Fritz Medal Board of Award, 
Fuels, 
Fuels, 
Fuels, 
Fuels Div. 
Fuel Values, Calorific, Rep. on Comm........ 
Furnace Performance Factors Comm... 
Fusion Welding Requirements Comm........ 
Gages, Pressure and Vacuum, Comm......... 
Gantt Medal Board of Award, A.S.M.E. Reps... 
Gas Burning Equipment, Power Boilers, Rep. on 

Comm. 
Gas Producers 
Gaseous Fuels, 
Gears Comm. 


A.S.M.E. Reps... 
Calorific Values, Rep. on Comm....... 


Glass, Safety, Rep. on Comm...............-. 
Graphic Arts Div. 
Graphic Presentation 
Guggenheim Medal Fund, A.S.M.E. Reps...... 
Heated or Cooled Enclosures Comm.......... 


Heat Transfer Div. 
Hollev Medal 
Recipients 
Holmes Safety Association, A.S.M.E. Rep...... 
Honorary Members, List 
Honorary Membership, S 
Honors and Awards Commi. 
Honors and Awards, Special Comm. of Board of 
Hoover Medal Board of Award, A.S.M.E. Reps. . 
Hose Couplings, Screw Threads, Comm....... 
Hydraulic Prime Movers 
Power Test Codes 
Industrial Conservation Comm...... 


RI-45 


,’ which are omitted in the following index. 


Industrial Furnaces and Kilns Comm........ 11 
Industrial Instruments and Regulators Comm. 13 
Industrial Marketing Comm................ 12 
Industrial Workers, Foundries, Protection of, 
Rep. on Safety Comm.. ........ coe 
Industrial Workers, Protection of, Reps. on 


Industries, Education and Training for, Comm. 6 
Instruments and Apparatus, Power Test Codes 


84 
Inter-American Development Commission, 
9 
Inter-American Engineering Cooperation 
Internal-Combustion Engines Comm.......... 34 
International Electrochemical Commission, 
9 
Iron and Steel Bars Comm................. 30 
Iron and Steel Div. See Metals Engineer- 
ing Div. 
John Fritz Medal Board of Award, A.S.M.E. 
9 
John R. Travel Scholarships 
Joint Conference Comm., A.S.M.E. Reps..... 9 
Joseph A. reas Safety Association, A.S.M.E. 
Journal of y eee Mechanics, Editor......... 10 
Junior Award 
Ladders, Rep. on Safety Comm.............. 35 
Laundry Machinery, Rep. on Safety Comm.... 36 
Life Membership, Statement about........... 40 
Lighting Factories, Mills, Rep. on Safety 
Loading Platforms, Rep. on Comm.......... 32 
Local Sections 
Nominating Comm., Groups of.......... 
Regional Group Delegates to Annual Con- 
Locomotives, Boilers of, Comm.............. 37 
Low Voltage Electrical Hazards, Rep. on Safety 
Lubrication, Textile Div. Comm............ 14 
Machinery, Speeds of, Comm..............-. 
Machine Shop Practice Div. See Production 
Engineering Div. 
Machine Tool Elements Comm............... 27 
Machine Tools, Designations and Working 
Main Award. See Charles T. Main Award 
Management Div. Comms. 12 
Manhole Frames and Covers, Rep. on Comm... 32 
Manufactured and Natural Gas Comm........ 13 
Marston Award, A.S.M.E. Rep.......-ccccee 9 
Materials, New, Boiler Code Comm........ a 
Material Specifications 37 
Max Toltz Loan Fund, Statement about...... 40 
Mechanical Power-Transmission Apparatus, 
Mechanical Refrigeration, Reps. on Safety 
- 386 
Mechanical Separation 13 
Mechanical Springs Comm..............+- 
Mechanical Standards, Reps. on Comm...... « & 
Meetings and Program Comm.............-- 6 
Melville Medal 
Membership Comm., 
Membership Comm., Standing. See Admissions 
Comm. 
Merchant Marine Council Consultants Panel, 
Metallurgical Research, Rep. on Comm....... 26 
Metals, Effect of Temperature on, Comm..... 25 
Metals Engineering Div. Comms............ 12 
Metals, Fatigue Phenomena of, Rep. on Comm. 26 
Mid-West Office, Location of.............06. 5 
Miniature Boilers Comm. 37 
Model Smoke Law Comm. 10 
Monographs Comm., A.S.M.E. Reps.........- 9 
National wee of Engineering Registration, 
National rence on Engineering Positions, 
AS. Reps. 


National Fire Waste Council, A 


9 
S.M.E. Rep... 9 
National Management Council, 9 


A.S.M.E. Reps. . 


33 
8 
12 
14 
11 
10 
31 
13 
14 
36 
34 
8 
5 
6 
31 
30 
25 
35 
9 
8 
9 
35 
9 
9 
9 
8 
9 
9 
34 
35 
Fer 
6 
32 
35 
25 
13 
32 
35 
8 
9 
34 
10 
33 
10 
34 
26 
38 
30 
9 
82 
34 
34 
28 
Gear Teeth, Strength of, Comm.............. 25 
George Westinghouse Bust Comm. waters 8 
36 
11 
31 
9 
11 
H 
11 
41 
40 
9 
43 
40 
6 
7 
9 
29 
11 
11 
34 
8 
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National Research Council, A.S.M.E. Rep..... 
Noble Prize, A.S.M.E. Rep. 
Nomenclature, Machine Tools, Comm......... 
Nomenclature, Standard, Comm............. 
Nominating Comm., 
Nonferrous Materials 
Officers, A.S.M.E., for 1942-1943............. 
Oil and Gas Power Div. Comms.............- 
Oil Engine Power Cost 
Openings, Rules for, Boiler Code Comm....... 
Package Conveyors 
Paper and Pulp Mills, Rep. on Safety Comm... 


Petroleum Products and Lubricants, Reps. on 


Pipe Flanges and Fittings Comm............ 
Piping Systems, Identification, Comm........ 


Piping Valves and Fittings, Material Specifi- 


Pi Tau Sigma Award 


Power and Heat Utilization, Textile Div. 


Power Test Codes Comm., Standing.......... 
Power Test Codes Comms., Technical........ 
Power Test Codes, General Instructions Comm. 
Preferred Numbers, Rep. on Comm 
Presses, Rep. on Safety Comm.............. 
Pressure Piping, Code for, Comm............ 
Pressure Vessels in Service, Care of, Comm... 
Pressure Vessels, Unfired 

APL ABLE. OOMM. 

Prime Movers 

Power Test Codes Comm 


Speed Governing Specifications, Reps. on 


Process Industries Div. Comms.............. 
Production Engineering Div. Comms 
Professional Conduct Comm 


Professional Divs. Comm., Standing.......... 6, 


Professional Divs. Exec. Comms.............. 
Publications Comm. 
Pumping Machinery Comm................ 
Pumps, Centrifugal and Rotary. Comm 


Pumps, Reciprocating Steam-Driven Displace- 


Punch Press Tools Comm 
Quarry Operations, Rep. on Safety Comm 
Rating of Rivers, Rep. on Comm 


Refractory Materials, Properties of, Rep. on 

Refrigerating Systems Comm................ 


Relations With Colleges Comm 


AS.M.E. SOCIETY RECORDS, 


Research Comm., Standing 
Research Comms., 


Foundation, A.S.M.E. Rep 
Research Secretaries 
Rice Scholarship. > Calvin W. Rice Scholar- 
Rolling of Steel (Plasticity) Comm 
Rotating Electrical Ma@hinery, Rep. on Comm. 
Rubber and Plastics Group 
Rubber Machinery, Rep. on Safety Comm 
Safety Comm., Standing 
Safety Comms., Technical 
Safety Education, Center for, A.S.M.E. Rep... 
Safety Valve Requirements Comm 
St. Louis Junior Award. See Spirit of St. Louis 


St. Louis Medal. See Spirit of St. Louis Medal 

Scholarships and Loan Funds, Statement about. 

Screw Threads for Hose Couplings Comm 

Screw Threads, Standardization, Comm 

8S. Comm., Reps. on 
E 


Screw Threads, U. 


Shipments on Skids and Pallets Comm 
Sieves for Testing Purposes, Rep. on Comm.. . 
Single-Point Cutting Tools Comm 
Single-Point Tool-Life Tests Comm 
Small Tools Comm 
Society Office Operation Comm 
Society Program for Postwar Planning Comm. 
Solid Fuels, Combustion Space for, Comm.... 
Specific Heat of Gases Comm 


Governors Comm. 
Speeds of Machinery Comm 
Spindle Noses and Collets Comm 
Spirit of St. Louis Medal 


Spirit of St. Louis Junior Award 

Splines and Splined Shafts Comm 
Standardization Comm., Standing 
Standardization Comms., Technical 
Standards Council, Rep. on 
Standard Ton of Refrigeration, Rep. on Comm. 
Standing Comms. 


Steam Boilers, Critical Pressure, Comm 
Steam Boilers in Service, Care of, Comm 
Steam Engines, Reciprocating, Comm 
Steam-Generating Units, Stationary, Comm... 
Steam Locomotives Comm 
Steam Turbines Comm 
Steel, Rolling of (Plasticity), Comm 
Steel Shells, Forging of, Comm 
Strength of Gear Teeth Comm 
Strength of Vessels Comm 


Student Awards 

Gtedent Beanches, 
Surface Qualitiosn ccc 
Symbols and Abbreviations 

Symbol Stamps, Boiler Code, Comm......... 
Technical Committees 

Technical Committees, Standing............ 
Testing Wood, Rep. on Comm.............. 
Textiles, Rep. on Safety Comm.............. 
Theory and Fundamental Research Comm..... 
Therbligs, Process Charts, and Their Symbols, 

Thermal Insulating Materials, Rep. on Comm. . 
Thermo-Physical Properties — of Materials 


Toltz Fund. See Max Toltz Loan Fund 
Tool Posts and Shanks Comm............... 
Transmission Chains and Sprockets Comm... . . 


Unfired Heat Transfer Equipment Comm... . 
Unfired Pressure Vessels 
A.S.M.E. Comm. 


United Engineering Trustees, Inc., 

Vegetable Olle 
Ventilation, Rep. on Safety Comm........... 
Vermilye Medal Advisory Comm., A.S.M.E. 

Vessels, Strength Under External Pressure, 

Walkway Surfaces, Rep. on Safety Comm..... 
Warner Medal. See Worcester Reed Warner 

Medal 
Washers, Plain and Lock, Comm............ 
Washington Award Commission, A.S.M.E. Reps. 
Water for Industrial Uses, Rep. on Comm..... 
Water Hammer 


Water Heating, Volume, Rep. on Comm....... 
Welded Joints, Radiographic Examination of, 

Welding 

Welding Apparatus, Electric, Rep. on Comm. . 
Westinghouse Bust 
Wire and Sheet Metal Gages Comm....... 
Wire Rope for Mines, Rep. on Comm... . 
Woman’s Auxiliary, Officers of.............- 
Woman’s Auxiliary Scholarship.............. 
Wood Finishing Comm........... Rees 
Wood Industries Div. Comms............. 
Worcester Reed Warner Medal 

Statement about ............ 
Work Standardization Comm 


World Power Conference, A.S.M.E. Rep 
Worm Gears Comm... 


9 Representatives on Other Activities 
13 31 
38 Res I Comm. of Engineering 31 
12 9 38 
36 37 
11 33 
18 1? 25 
ere 12 35 
82 13 27 
29 138 6 
28 13 8 
27 11 
30 82 
32 36 
38 14 11 
36 
41 85 3° 
40 35 32 
= Plumbing Equipment Comm................ 80 9 
Postwar Planning, A.S.M.E. Rep............. 9 38 
Power Boilers, Gas Burning Equipment in, Rep. ; ” 
13 
0 44 
14 27 
13 27 28 
6, 33 82 
83 5 
33 Secretaries, List of. . Te 
32 Shafting Comm > 37 
36 12 
29 $2 
28 13 
dd 28 36 
27 
38 9 
37 8s 
30 
11 11 25 
spe ssure Responsive 
13 29 
6 Statement about . 26 
10 41 32 
40 
on 838 
6 
11 
33 3? 
34 
33 6 
: 28 Statistics in Engineering and Manufacturing 3° 
12 Comm » 39 
36 26 40 
13 37 14 
82 33 
98 33 
34 
. 33 41 
26 6 40 
34 12 
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SOCIETY RECORDS—PART 2 


Part 1 of Soctety Records for the year 
1943, containing Council and Committee 
personnel and other general information, 
was issued as Section Two of the Trans- 
actions for February, 1943. Part 2 is 
published for inclusion with all bound 
copies of Volume 65 of the Transactions 
and distributed to members of the 
Society upon request. 
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Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 

graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accu- 
racy and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent members, 
these application records are fairly complete. The applications of those who became 
members many vears ago, however, contain less detailed data, and in many cases the. 
sponsors are no longer alive, so that assistance from this source cannot always be 
obtained. If the member has been retired for several years prior to his death, his 
business associates are frequently hard to locate, and, in some cases, members of his 
family cannot be found. While all these factors add to the difficulty of obtaining 
accurate and fairly complete data, every possible source of information is explored, 
with the result that publication of the notice is delayed. Nearly all of the me- 
morials in this issue have been prepared under these difficulties. 

It is the practice of the Committee on Publications in the case of some deceased 
members to ask former friends and associates to prepare the obituary. The object 
is to secure a final record that will be more valuable for having been prepared by 
men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this policy are signed by those who wrote them or who 
collaborated in their preparation. Toall persons who have thus co-operated, the Com- 
mittee acknowledges its gratitude. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encyclopedia of American 
Biography, and the National Cyclopedia of American Biography; the technical and 
daily press; colleges and universities and their alumni associations; and engineering 
and other societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Biographies 


LORENZO ALLIEVI (1856-1941) 


Signor Lorenzo Allievi, who was elected to honorary membership 
in the A.S.M.E. in 1937 in recognition of his basic contributions 
to the theory of water hammer, died at his home in Rome, Italy, on 
October 30, 1941, after a brief illness. Despite his advanced years 

-he was in his eighty-fifth year—he had continued his hydraulic 
studies almost until his death. 

He was born at Milan, Italy, on November 18, 1856, son of Senator 
Antonio Allievi, but the family moved to Rome while he was still 
very young. Upon the completion of his preparatory classical 
studies, he entered the engineering school at the University in Rome, 
which granted him a civil engineering degree in 1879. 

After graduation he entered the Genio Civile and was sent abroad 
to study railways, spending about a year in Germany. Then he 
returned to Rome and joined the faculty of the university, where he 
taught for four years. However, abstract teaching did not satisfy 
him and in order to have a closer connection with the practice of 
engineering, he took up the construction of power plants, electro- 
chemical factories, and railroads. For a time he was director of the 
Secondarie Romane, and constructed the Messina-Palermo line. 

While engaged in railway work in Sicily, he contracted a severe 
illness, during his convalescence from which, in 1892, he wrote his 
monograph on kinematics entitled ‘“‘Cinematica della biella piana”’ 
(Kinematics of the Plane Quadric Linkage). He had this work 
printed in 1895 and presented it, through Professor Liugi Cremona, 
to the Regia Accademia dei Lincei, which published it in December 
of that year. Shortly before Allievi's death, this work was translated 
into English by A. E. R. de Jonge, Mem. A.S.M.E., who has made the 
following comments on it: 

“Allievi dealt mainly with the quadratic transformation in the 
plane, with the cubics of stationary curvature, and with the entire 
subject of curvature of the point-paths in the various regions of the 
plane. The cubies are focal curves (ks), and he exploited them not 
only for the scientific advancement of kinematic geometry, but also 
for the actual analysis and construction of all the elementary mecha- 
nisms possible, which he classified accordingly. This investigation 
was, so to speak, ‘in the air’ at that time, for numerous other in- 
vestigators in Germany published papers along the same lines. 
Allievi, however, used a very original approach to it. After deriving 
the well-known Euler-Savary equation, he developed from it ana- 
lytically a great number of theorems involving projective prop- 
erties.”’ 

Mr. de Jonge’s translation exists only in manuscript form. In- 
formed of the work in its early stages, Signor Allievi gave his warm 
approval and encouragement to it, and plans for its publication, 
with partial financial support from him, were under consideration, 
but have not materialized. 

In 1893, Allievi was elected delegate administrator for the im- 
provement of Naples, a position which he held for seven years, during 
a very critical financial period. Returning to Rome in 1901, he de- 
voted himself to various industrial undertakings. Of this, Rivista 
L’ Energia Elettrica, in a tribute published in November, 1941, says: 
‘He was promoter of industrial enterprises of every sort, appraising 
administrator of companies and of banks. Among the first we recall 
the Anglo-Romana, the Carburo, the Terni, the Romana di Elet- 
tricita, and the Meridionale. He also was interested in the mining 
industry. He was the first president of the Unione Provinciale Fas- 
cista degli Industriali della provincia de Rome. He had also been 
president of the Associazione Esercenti Imprese Elettriche and was 
counsellor of the Associazione fra le Societ& Italiane per Azioni.”’ 

The incident which first stirred his interest in hydraulics occurred 
in connection with one of these enterprises and was referred to by 
Dr. Allievi in a letter to Robert W. Angus, Hon. Mem. A.S.M.E., as 
follows: 

“I did not care for hydraulics till my forty-sixth year when my 
attention was drawn to the water-hammer phenomena by the break- 
ing, in the spring of 1902, of a pipe 1.80 m in diameter in a carbide 
factory near Terni, of whose board I was a member.”’ 

Professor Angus, in summarizing Dr. Allievi’s achievements, at 
the time the A.S.M.E. conferred honorary membership upon him, 
quoted this and went on to say: 

‘Finding that any solution of water-hammer problems was lacking 
in English and German technical literature, and that the French 
treatment of the problem was unsatisfactory, he constructed his own 
theory which was published in 1902 [in the Annali della Societa degli 
Ingegneri ed Architetti Italiani] under the title ‘Teoria Generale del 


moto perturbato dell’acqua nei tubi in pressione’ (General Theory 
of the Variable Motion of Water in Pressure Conduits), which he also 
translated into French for publication in the Revue de Mécanique 
in 1904. 

“Of this paper, Dr. R. Neeser, former professor at the University 
of Lausanne, says (as given in the translation of the ‘Theory of Water- 
Hammer,’ by Eugéne Halmos), ‘This remarkable study differs from 
all monographs previously published on the important question of 
water hammer both as to the originality of the method employed and 
as to the importance and novelty of the obtained results. Not 
wishing to use the paths already broken by his predecessors, and aim- 
ing primarily to come as close as possible to the solution of the 
phenomenon, Allievi starts by systematically and knowingly ignoring 
all that was accomplished before him; he takes up the problem at 
its origin and presents it as his remarkable intuitional qualities make 
him foresee that it must be.’ 

‘‘Becoming again absorbed in his general engineering practice 
he paid no further attention to hydraulics till 1909-1910, when, during 
some leisure time, he resumed his water-hammer studies, the result 
of which was his “Theory of Water-Hammer, Notes I-V,’ first pub- 
lished in the ‘Atti del Collegio degli Ingegneri ed Architetti,’ Milano, 
1913, a work so important that it has been translated into French, 
German (modified), and finally into Bnglish by Mr. Halmos [in 
1925], the latter translation being [published in Rome and] dis- 
tributed by The American Society of Mechanical Engineers and 
others. It is not necessary here to point out the remarkable nature 
of this paper, for it has been quoted and used in so many ways that 
it is well-known to engineers. The translations were delayed by 
the war and did not appear till about ten years after the paper 
was first published, which accounts for the slow appreciation of its 
full value. 

“The unusual gaps between the papers of Dr. Allievi are thus 
accounted for by circumstances which he could not control, but 
in his letter he goes on to say, ‘As I attained my seventy-fifth year, 
and disburdened myself of the largest part of my former business, 
the water-hammer phantoms again seduced and seized me and cheer 
now the last years of my long life.” These studies have resulted in 
four published papers: 

‘Derivazione elementare delle formule generali del moto idraulico 
perturbato’ (Elementary deductions of the general formulas of the 
variable flow in pipes). L’Elettrotecnica, Vol. 20, May 15, 1933. 

‘Le coup de bélier et le réglage automatique des turbines hy- 
drauliques’ (Water hammer and automatic regulation of hydraulic 
turbines). Revue générale de L’Electricité, Vol. 33, July 1, 1933. 

‘Arresto di una colonna liquida in moto ascendente’ (Stopping an 
ascending liquid column). L’Elettrotecnica, Vol. 21, Oct. 25, 1934. 
This paper deals with the effect of flywheels. 

‘Camere d’aria nelle tubazioni prementi’ (Air chambers in pump 
discharge lines). L’Elettroteenica, Vol. 23, Oct. 25, 1936. [English 
translation by Mr. Halmos published in A.S.M.E. Transactions, 
Vol. 59, Nov. 1937, p. 651, under the title ‘‘Air Chambers for Dis- 
charge Pipes.’’} 

“All of Allievi’s papers deal with the simple pipe and he has pub- 
lished nothing on compound and branched lines.”’ 

Dr. Allievi became a member of the Associazione Elettrotecnica 
Italiana in 1903 and through this society, in 1932, received the 
Jona Prize. The following year the Power Division of the American 
Society of Civil Engineers and the Hydraulic Division of The Ameri- 
can Society of Mechanical Engineers prepared a testimonial (in 
the form of an engrossed certificate) for presentation to him by the 
two societies in recognition of his contributions to the theory of water 
hammer and the science of hydraulics. 

Professor Angus, who accepted an invitation to visit Dr. Allievi 
at his villa in the Via Farnese in Rome in the spring of 1937, was 
deeply impressed by him. ‘Despite his advanced age,” he said, 
‘he goes about his house freely, never uses glasses, and has as keen a 
mind as brilliant men have in their prime. My visit to his home was 
an inspiration; there was such a delightful and happy spirit there 
and a respect, one might almost say reverence, for the man who 
not only knows one thing well, but is a source of information on many 
subjects, as was evidenced in his conversation. 

“It was to me a great satisfaction to see this venerable Italian 
gentleman, so virile in mind, working away on new papers, and often 
sitting up to the ‘wee sma’ hours’ plotting his intricate diagrams. 
His mind always had a tendency toward mathematics as a tool, and 
has always presented his work in such simple form as to be read by 
those who have forgotten much of the mathematical theory.” 
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Some of his other interests are mentioned in the tribute in Rivista 
L'Energia Elettrica: ‘“‘In addition to technical, and principally 
hydraulic subjects, he was interested in economic, financial, and 
general matters, on which he contributed publications of the highest 
value. We may recall in his honor his papers, ‘Dominazione di 
spazio’ (Mastery of Space) and ‘Dominazione di materia’ (Control 
of Materials), published in 1915 in the Rivista della SocietA Commer- 
ciali (now the Rivista politica economica), where, with foresight and 
circumspection, he surveyed with accuracy the problem of economic 
self-sufficiency. 

“His scientific achievements, which alone would suffice to give 
perennial lustre to his name, are worthily illustrated in the tribute 
from the pen of Professor Mario Marchetti: ‘To the memory of the 
famous engineer and man of science, Italian industry and technical 
science reverently bows.’ "’ 


JAMES DOUGHTY BECK (1862-1939) 


James Doughty Beck, a native of New Orleans, La., where he was 
born on January 18, 1862, died at his residence in that city on May 
25, 1939. He had retired from consulting work as a mechanical 
engineer in 1929 because of ill health. 

Apprenticed as a machinist to A. BE. Scheidecker, New Orleans, at 
the age of fourteen, Mr. Beck's only opportunity for engineering 
schooling was at night. He attended classes at the Agricultural and 
Mechanical College at New Orleans (which in 1877 became the 
Louisiana State University and Agricultural and Mechanical College 
and later moved to Baton Rouge), thus fitting himself for a position 
as foreman for the Cochran & Mims marine works in New Orleans. 
His work for this firm continued at intervals from 1882 to 1890. 
During the latter part of the time he superintended the construction 
at Kissimmee, Fla., of the steel stern-wheel steamer Hamilton Disston 
from his own drawings, and handled the erection and dismantling of 
large cotton compresses in Texas and other southern states. He also 
did patent office drawings at night in 1884-1886, and in 1887 worked 
for Leeds & Co. and Shakespeare & Swoop, both of New Orleans, on 
sugar machinery. Later he was with the Buchel Machine Works, 
New Orleans, and from 1891 to 1894 he was superintendent for the 
New Orleans Swamp Land Reclamation Company, in charge of the 
machine shops and other mechanical departments. This company 
drained a large area which later became part of the City of New 
Orleans. Mr. Beck had previously, about 1888, served as chief 
engineer of the New Orleans Drainage District, under General 
P. G. T. Beauregard, in connection with plans for this project. In 
1895-1896, while conducting a general drafting office, Mr. Beck de- 
signed a 48-in. centrifugal pumping plant with special engines for 
the New Orleans Swamp Land Reclamation Company. 

In 1896-1897 Mr. Beck had charge of the drafting office and con- 
struction for the Louisiana Electric Light & Power Co. of New Or- 
leans, after which he became general foreman for the Schwartz 
Foundry Co., Ltd., New Orleans. He was made superintendent in 
1903 and continued with the company another six years, designing 
and erecting large sugar-cane mills and also doing some marine work. 
This company was successor to Leeds & Co., with which he had been 
connected earlier. 

After leaving the Schwartz company Mr. Beck spent some five 
years with the Shakespeare Iron Works, New Orleans, in the position 
of superintendent, then engaged in mechanical engineering work 
under his own name for several vears. In 1919 he became associated 
with the Rantz Engineering & Machine Works, Inc., New Orleans, as 
mechanical engineer and vice-president. He took up private con- 
sulting practice again about 1925. 

Mr. Beck had been a member of the A.S.M.E. since 1906. He also 
belonged to the Louisiana Engineering Society and American Sugar 
Cane League, as well as to the National Association of Power Engi- 
neers, being a charter member and in 1931-1932 president of the 
Crescent City Association No. 1 of this organization. 

Mr. Beck was survived by his widow, the former Miss Edda Roth, 
of Ibervi le, La., with whom he celebrated his fiftieth wedding anni- 
versary in October, 1938; and by two daughters, Lelia D. and Regina 
D. Beck, and five sons, James D., Jr., George D. (Mem. A.S.M.E.), 
William D., Edward D., and Frederick D. Beck. His sons were all 
connected with engineering work at the time of his death. 


FREDERICK BIRDSALL (1878-1937) 


Frederick Birdsall, whose death occurred in April, 1937, was born 
at Fort Rice, N.D., on October 17, 1878. He attended high school 
in Oswego, N.Y., and Fort Thomas, Ky., and for four years studied 
in evening technical schools in San Francisco, Calif., while serving 
an apprenticeship as a machinist at the Union Iron Works (which 
later became the Union Plant of the Bethlehem Shipbuilding Corp., 


Ltd.). After the completion of his apprenticeship in 1900 he was 
associated with the general superintendent of the works as operating 
assistant for about four years and from then until the end of 1907 
performed similar duties under the direction of the superintending 
engineer. ‘Transferred to the office of Joseph J. Tynan, vice-presi- 
dent and general manager, he continued to direct work of the Order 
Department and plant operation and maintenance until the spring 
of 1916. Subsequently he assisted the chief engineer on special 
engineering records and reports and continued with the Engineering 
Department for some fifteen years. During the last few years of his 
life he engaged in consulting work in San Francisco. 

Mr. Birdsall had been a member of the A.S.M.E. since 1922. 
During the early part of 1916 he served on the San Francisco Com- 
mittee on Boiler Safety Orders, which assisted the Industrial Accident 
Commission of the State of California in the preparation of Boiler 
Safety Orders.—-[Biography compiled from best obtainable informa- 
tion, not all of which could be verified. ] 


DUANE LEROI BLISS, JR. (1874-1938) 


Duane Leroi Bliss, Jr., chairman of the board of directors of the 
Dunham, Carrigan & Hayden Co., San Francisco, Calif., died on 
April 17, 19388. He was born at Carson City, Nev., on May 15, 
1874, and received his early education in Boston, Mass., and Bel- 
mont, Calif. He studied mechanical engineering at the Massachu- 
setts Institute of Technology from 1891 to 1895, then spent three 
years as a marine engineer, holding a U.S. Steam Boat Inspection 
Service chief engineer's license for inland waters. 

In 1899 Mr. Bliss became superintendent of the Lake Tahoe 
Railway & Transportation Co., of which he was later made general 
manager. He continued with the company until 1915, when he 
became general manager of the Spanish Peak Lumber Company 
He was accepted for a captain's commission in the 20th Engineers 
in October, 1918, but had not gone into service when the Armistice 
was declared. 

In 1921 he located in San Francisco, representing various factories 
manufacturing industrial conveying machinery and steam specialties. 
He had been associated with the Dunham, Carrigan & Hayden Co. 
since 1924, serving as vice-president and general manager for about 
ten years and subsequently as president of the company. 

Mr. Bliss had been a member of the A.S.M.E. since 1924. He was 
survived by his widow, a resident of New York, N.Y.— [Biography 
compiled from best obtainable information, not all of whieh could be 
verified. } 


GEORGE PAVLOVICH BRAILO (L897*) 


George Pavlovich Brailo, who became a member of the A.S.M.E. 
in 1936, while serving in the United States as representative of the 
Commissariat of Heavy Industries of the U.S.S.R., was reported, 
early in 1939, to have been killed in an accident in that country. 

Mr. Brailo was born in Donbass, Russia, on April 13, IS97, and 
was educated in that country. He was graduated from the Moscow 
Technical College in 1922 but did not complete his work for the 
degree of mechanical engineer until 1929. During the first five 
years of that period he was employed in Moscow in connection with 
the operation of electrical stations. In 1927 he became connected 
with the Thermodynamic Institute of Moscow in its experimental 
turbine laboratories. He was appointed assistant director of the 
institute in 1929 and director the following year. 

In 1932 Mr. Brailo became a member of the government com- 
mission for inventions and the next year was sent to this country 
by the Commissariat of Heavy Industries. He returned to the 
U.S.S.R. about two years prior to his death. 

In addition to his other work, Mr. Brailo had served as editor 
of Russian technical journals and while in the United States, of 
a monthly magazine, in Russian, on American engineering and 
industry. 


HARRY WOLSTON BROWN (1895-1942) 


Harry Wolston Brown, whose death occurred on September 18, 
1942, was born in Addingham, England, on October 23, 1895, son 
of John Henry and Eleanor (Smith) Brown. He was educated in 
England, attending the Bradford Technical School for two years, 
and Leeds University, where he studied engineering, for three years. 

Mr. Brown went to Canada in 1922 and subsequently came to the 
United States, where for six years, beginning in January, 1924, he 
was employed by the American Machine & Foundry Co., of Brooklyn, 
N.Y. At first he was in the Inspection Department, in Brooklyn, 


*([Date of death could not be ascertained.—Editor. ] 
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then in the fall of 1927 he was transferred to Framingham, Mass., 
as residential representative of the company during the period of their 
contract with the Angier Corporation for the development of 
the Lakewest Division of the company. Upon the completion of 
this work he became associated with the Angier Corporation as sales 
engineer in charge of their wrapping machinery. He continued 
in sales and development work for the corporation until a few months 
before his death. 

Mr. Brown became an associate-member of the A.S.M.E. in 
1930 and was automatically transferred to the grade of member in 
1935. He had been a member of the Keighley Association of Engi- 
neers, Keighley, England, and wasa Mason. He served as a captain 
in the 3d Battalion, R.F.C., in World War I. He was survived by 
his widow, Hilma (Koskelainen) Brown, whom he married in 1927 


SAMUEL 8. BURGEY (1887-1938) 


Samuel 8S. Burgey was born on October 17, 1887, at Corning, N.Y., 
and attended the grade and high schools and Free Academy in 
Corning. From 1908 to 1911 he was employed by the Mines Com- 
pany of America, of New York, N.Y., on the design and construction 
of a hydroelectric power plant and transmission system. During 
the next four years he operated a garage at El Paso, Texas. 

In 1916 he was interpreter and guide to United States forces 
entering Mexico and he served in the U.S. Army in France during 
World War I. Following the war he was engaged in design work for 
the Tank Corps of the army. He spent the summer of 1922 and the 
following winter at the Massachusetts Institute of Technology, taking 
the army ordnance course for officers, after which he engaged in 
field service for the Ordnance Department of the army for several 
years. In 1929 he was assigned to manufacturing service at the 
Watertown Arsenal, Watertown, Mass. He was in charge of the 
auto frettage section there, 1930-1932, designing guns for auto frettage 
and apparatus for such work. Subsequently he was put in charge 
of manufacturing shops at the arsenal, where he designed tools, gages, 
fixtures, and other equipment. Later he was transferred to the 
Delaware Ordnance Depot at Pedrickton, N.J., where he was assistant 
to the commanding officer. He held the rank of captain. He died 
on March 21, 1938, at the Walter Reed General Hospital, Washing- 
ton, D.C., from coronary thrombosis. 

Captain Burgey had been a member of the A.S.M.E. since 1935. 
He was a service member of the Society of Automotive Engineers. 
He was survived by his widow. 


FORREST ELLWOOD CARDULLO (1879-1938) 


Forrest Ellwood Cardullo, for nearly twenty years chief engineer of 
the G. A. Gray Co., Cincinnati, Ohio, machine tool builders, died at 
his home in that city of heart trouble on May 7, 1938, after several 
years of poor health. 

Mr. Cardullo was born in Buffalo, N.Y., on November 20, 1879, 
son of Dominico and Mary Josephine (Crowe) Cardullo. He at- 
tended grade and high schools in Titusville, Pa., and then entered 
Cornell University, from which he was graduated in 1901 with the 
degree of M.E. During his college vacations and for a year following 
graduation he worked as a tracer and detailer in the drafting room, 
and as a machinist for the Titusville Iron Company, in connection 
with gas and other engines and boilers. 

In 1901-1902 he was draftsman and surveyor for the Osborne 
Engine Company, and from then to 1905 held the position of drafts- 
man and designer for the Holly Manufacturing Company, Buffalo, 
working on valves and engine parts for large pumping engines. 

From 1905 until 1915 Mr. Cardullo taught mechanical engineering 
subjects. He was located at Syracuse University for three years, 
first as instructor in machine design, later as professor of practical 
mechanics. Then he became professor of mechanical engineering at 
the New Hampshire College of Agriculture and the Mechanic Arts, 
where he remained until 1914. During the following year he was 
professor of mechanical engineering at the University of Texas. 

Mr. Cardullo returned to industrial work as chief draftsman of the 
Pierce-Arrow Motor Car Co., Buffalo. After a year there he was 
engineer of tests for the Curtiss Aeroplane & Motor Corp. of that 
city, and in 1918-1919 chief metallurgist for the Wright-Martin 
Company, New Brunswick, N.J. He became chief engineer of the 
G. A. Gray Co. on July 1, 1919. 

He was responsible for many improvements in machine tools, one of 
the most noteworthy being a new system of helical involute gearing 
for use on metal planers, concerning which he presented a paper before 
the 1922 Annual Meeting of the A.S.M.E. (A.S.M.E. Trans., vol. 44, 
1922, pages 615-630). 

Mr. Cardullo contributed other papers and discussions to the 


A.S.M.E. and to American Machinist, Iron Age, Machinery, and 
similar publications in the technical field. His textbook on ‘‘Practi- 
cal Thermodynamics,” published in 1911, was used by a number of 
colleges in this country and abroad. He was a contributor to a col- 
lection of articles on the Taylor system of management published by 
the Harvard University Press under the editorship of C. Bertrand 
Thompson in 1914. 

A member of the A.S.M.E. since 1910, Mr. Cardullo had rendered 
valuable service on several of its committees. He was for two years 
a member of the first Executive Committee of the Machine-Shop 
Practice Division, organized in 1921, and its vice-chairman the 
first year. In 1924 he became a member of the Special Research 
Committee on Cutting and Forming of Metals and continued to serve 
on that group until 1931, being also a member of its subcommittees 
on Co-operation With Industries and Publicity, and Standards. He 
became a member of the Executive Committee of the Cincinnati 
Local Section in 1921, and was its chairman in 1923. 

Mr. Cardullo was widely read not only in engineering and scientific 
subjects, but also in music, art, literature, current events, and 
political economy. He was active in the affairs of the Engineers 
Club of Cincinnati and a member of the Presbyterian Church. He 
married Minnie Clark Glover, of Lockport, N.Y., in 1904, and was 
survived by her and a daughter, Eloise B. Cardullo. 


HENRY ALBERT CARPENTER (1869-1937) 


Henry Albert Carpenter died suddenly in Calcutta, India, on 
March 5, 1937, while on his fourth trip around the world. He had 
spent considerable time in traveling since his retirement in 1916. 
Unmarried, his nearest surviving relative is Harold Carpenter, of 
Port Chester, N.Y., also a member of the A.S.M.E. 

Mr. Carpenter was born at Willimantic, Conn., on September 26, 
1869. After being graduated from the mechanical engineering course 
at the Sheffield Scientific School of Yale University in 1891, with a 
Ph.B. degree, he entered the employ of R. D. Wood & Co., of Phila- 
delphia, Pa., at its Camden (N.J.) Iron Works. He was at first 
draftsman, later erection engineer, in connection with heavy machin- 
ery and equipment built at these works, and particularly the con- 
struction and erection of large gas holders. Both for this company 
and for Riter & Conley, of Pittsburgh, Pa., with which he became 
associated in 1895, and its successor, the Riter-Conley Manufacturing 
Company, he developed many novel hydraulic and pneumatic tools 
for the work. He established a Gas Engineering Department of the 
Riter-Conley company which handled the design and construction 
of complete plants, located throughout the country, for the manu- 
facture and distribution of gas. The company also engaged in all 
kinds of iron and steel structural work, including blast furnaces, 
steel plants, oil tanks, transmission towers, and barges, operating 
one of the largest steel plate shops in the country at that time. Mr. 
Carpenter was elected president of the company in 1907 and two 
years later became vice-president in charge of operations, which 
position he held until the control of the business was acquired by the 
McClintic-Marshal!l Construction Corporation in 1916. 

Mr. Carpenter became a junior member of the A.S.M.E. in 1893, 
and a member six years later. He also belonged to the American 
Gas Association, and to the Yale Club in New York, N.Y., where he 
had resided during recent years. 


HERMAN CASLER (1867-1939) 


Herman Casler, for many years engaged in the design and manu- 
facture of motion-picture apparatus and other products in Canastota, 
N.Y., died in the Memorial Hospital there on July 20, 1939, following 
a shock. 

Mr. Casler was born on March 12, 1867, at Sandwich, IIl., son of 
David and Margaret (Lipe) Casler, who were from Fort Plain, N.Y. 
The family returned to the East and Mr. Casler attended school in 
Fort Plain. From 1889 to 1893 he served an apprenticeship as 
machinist and draftsman under C. E. Lipe, Syracuse, N.Y., and the 
following year he was employed in the Engineering Department of 
the General Electric Company, Schenectady, N.Y., designing electric 
rock drills. In 1895-1896 he was superintendent of the Marvin 
Electric Drill Company, Canastota. He secured a patent on a 
reciprocating electric drill in 1898 and some years later patented 
drill chucks. 

During the years 1893-1895 Mr. Casler took out his first patents 
on the Mutoscope, a machine for exhibiting a series of photographs 
in rapid succession, and the Mutograph, a camera for taking the 
pictures for it. Associated with him in his early laboratory work 
on the Mutoscope at Canastota was Harry N. Marvin, and two other 
men, E. B. Koopman and William Kennedy Laurie Dickson, formerly 
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with Edison, joined with them in the formation of K.M.C.D., the 
company which first placed the Mutoscope on the market, in com- 
petition with Edison’s Kinetoscope. The success of this “peep 
show’’ paved the way for the Biograph, one of the first moving- 
picture projection machines. Pictures were first shown with this 
machine before a local audience in Canastota. In the fall of 1896 
it was introduced to a New York audience at the Hammerstein 
theater, where it had a month’s run, creating great interest because 
of the size, brilliancy, and steadiness of the pictures. The American 
Mutoscope Company, formed in 1896, was followed by the American 
Mutoscope & Biograph Co., and later by the American Biograph Co. 
of N.J., with which Mr. Casler was associated until 1921 in the design 
and manufacture of motion-picture cameras, projecting machines, 
automatic printing machines, and other special machinery and ap- 
paratus incidental to the production of motion pictures. From 1916 
to 1920 he was also consulting engineer for the Prizma Company of 
New York, a corporation engaged in the manufacture of Prizma 
colored motion pictures. His inventions for the motion-picture ap- 
paratus and related equipment continued until two years before his 
death, the latest patent records in his name being for a photographie 
pack and camera, in 1937. 

In 1896 Mr. Casler and Mr. Marvin formed the Marvin & Casler 
Co., of which Mr. Casler was treasurer and chief engineer, to manu- 
facture motion-picture apparatus. In later years Mr. Casler became 
sole owner of the business, and the company, active until 1923, also 
made various types of slot machines, and medium and light weight 
machinery and special tools, jigs, and fixtures, one of the products 
being the Casler offset boring head, patented by him in 1911. An 
enviable reputation was established for dependable precision work- 
manship. 

Mr. Casler was the first resident of Canastota to own an automobile 
—a Locomobile horseless carriage, purchased in 1900. The following 
year he bought the second Franklin car put on the market. In a 
larger Franklin, a few years later, he made his first automobile trip 
to New York, three days, each way, being taken for the drive. Like 
other early drivers, he resorted to winding a rope around the tires as 
an aid to traction under slippery conditions, and as a result of this 
experience he developed a tire chain. Some years afterward, from 
1919 to 1923, he was vice-president and consulting engineer for the 
Watson Products Corporation of Canastota, which manufactured 
the Watson dumping wagon and motor trucks, and Mr. Casler’s 
inventive mind led to a number of patents on wheels and brake- 
testing devices. In 1923 he became president of the Production 
Engineering Corporation, of Canastota, to which some of these 
patents were assigned, and which also continued the manufacture 
of the Casler offset boring heads, drill chucks, and other products 
developed by him. Except for some consulting work, he was not 
actively engaged in engineering during the latter part of his life. 

Mr. Casler became a junior member of the A.S.M.E. in 1901 and a 
member in 1924. He served as vice-president of the Syracuse 
Section in 1929, and from 1924 to 1929 represented the National 
Machine Tool Builders Association on Sub-committee No. 1 on T- 
Slots of the Sectional Committee on Standardization of Small Tools 
and Machine Tool Elements. He was also a member of the Society 
of Automotive Engineers and the Technology and Citizen’s clubs, 
Syracuse, and was a 32nd degree Mason and aShriner. He was made 
an honorary member of Tau Beta Pi at Syracuse University in 1921. 
He had served as a member and as chairman of the Canastota Board 
of Water Commissioners, and was a trustee of the Presbyterian 
Church there. He was president of the Canastota Hospital Board 
for a number of years when the hospital was first established. 

Surviving Mr. Casler were his widow, Fannie (Ehle) Casler, Can- 
astota, whom he married in 1894, two sons, Harry Ehle Casler, 
Bogota, N.Y., and Roger Herman Casler, Elyria, Ohio, and a grand- 
daughter, Catherine R. Casler. 


ALEXANDER M. CLARK (1871-1939) 


Alexander M. Clark was born at Aurora, Ill., on November 7, 
1871, son of Alexander and Margaret (Hamilton) Clark. Following 
his graduation from the Aurora High School he took a special five- 
year training course with the Chicago, Burlington & Quincy Ry. Co. 
Subsequently he was employed by that road for two years in the 
drafting department and laboratory, after which he spent an equal 
period as assistant superintendent of the Sargent Steel Company, 
Chicago. 

For five years Mr. Clark was connected with the American Brake 
Shoe & Foundry Co., advancing from assistant superintendent to 
superintendent of the Chicago plant. He then became associated 
with the Columbia Steel Corporation, Portland, Ore., of which he 
was superintendent for five years, then northwest manager. After 
this company was acquired by the United States Steel Corporation 
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in 1930, and dissolved, he became president of the Columbia Steel 
Casting Company, Portland, and held that position during the 
remainder of his life. 

Mr. Clark had been a member of the A.S.M.E. since 1925 and be- 
longed to several local clubs. Surviving him were his widow, Grace 
(Morey) Clark, whom he married in 1909, and a daughter, Ruth. 
He died in San Francisco, Calif., on February 10, 1939, of coronary 
thrombosis. 


WALTER LEIGHTON CLARK (1859-1935) 


Walter Leighton Clark, engineer and artist, was born in Phila- 
delphia, Pa., on January 9, 1859, son of Jacob and Emma Louise 
(Killé) Clark. He was educated in private schools at Germantown, 
Pa., and after about three years’ apprenticeship in the machine shop 
of George V. Cresson, Philadelphia, he became a journeyman machin- 
ist with William Sellers & Co. of that city. In 1881 he was engaged 
by Banning, Bissell & Co. to erect a plant at Huntingdon, Pa., for 
the Gondolo Tanning Company, of New York, N.Y., manufacturers 
of tannic acid from chestnut wood, and after its completion he was 
superintendent of the plant for a year. 

In 1883 Mr. Clark became assistant to the eastern manager in 
Philadelphia of the Niles Tool Works Company, of Hamilton, Ohio, 
and in IS86 was appointed manager. The eastern offices of the 
company were moved to New York in 1887 and later he became vice- 
president of the company in charge of the Department of Sales. In 
1899 the Niles Tool Works Company became a part of the Niles- 
Bement-Pond Company, of which Mr. Clark was vice-president 
until he resigned in 1914. He was also for many years an officer 

-first, vice-president, later president—-of the Automatic Weighing 
Machine Company, of Newark, N.J., which took over the weighing 
machine interests of the Pratt & Whitney Co., of Hartford, Conn., 
in 1901, when that company came under the control of the Niles- 
Bement-Pond Company. 

In resigning from the Niles-Bement-Pond Company, Mr. Clark 
planned to devote himself to painting, which had been an avocation 
for some years, but shortly after the outbreak of World War I, he 
was persuaded by J. P. Morgan & Co. to assist in purchasing supplies 
for the British and French governments. In that capacity he placed 
an order with the Westinghouse Electric & Manufacturing Co. for 
1,500,000 rifles in 1915. By arrangement between the Morgan 
firm and the Westinghouse company he resigned his position with 
the former and assumed charge of the execution of this contract, for 
which purpose he equipped a huge factory at Chicopee Falls, Mass., 
where rifles were manufactured at the rate of 7000 a day, requiring a 
force of 14,000 men. Later he constructed a shipyard for the At- 
lantic Ship Building Company at Portsmouth, N.H., where ten 
4400-ton freighters were built for the U.S. Shipping Board. 

At the close of the war Clark, then in his sixtieth year, retired from 
business and from that time forward devoted his time to art, es- 
pecially to portrait painting. He became a professional painter 
and sculptor, entered his work in various exhibitions, and held a 
“one man’’ show in New York in 1932. He was head of the art 
committee of India House, New York, to which he donated several 
portraits which he had made of its leading members, including James 
A. Farrell, Joseph P. Grace, Joshua A. Hatfield, and Willard D. 
Straight. 

In 1922, he organized and became president of the Painters and 
Sculptors Gallery Association which in 1923 opened the Grand 
Central Art Galleries, Inc., located in the Grand Central Terminal 
Building, New York, the purpose of which was to acquaint the public 
with the work of men of established reputation and to sell their 
works, and to bring young painters and sculptors of talent before the 
public with little or no expense to themselves. The organization was 
supported principally by a large number of laymen, each contributing 
$600 annually for three years and in return drawing for the choice of a 
work of art among those contributed each year. 

In 1928, Clark also entered the field of dramatic art, opening a 
civic theater at Stockbridge, Mass., known as the Berkshire Play- 
house, which presented high-class drama during the summer months. 
In the promotion of fine music he likewise had an interesting ex- 
perience, when he joined with others in 1931 in furthering a week of 
opera by members of a Russian company, refugees in New York. 

An outgrowth of the Grand Central Art Galleries was the establish- 
ment by him in 1930, with funds provided by the Galleries, of an 
American Art Gallery at Venice, Italy. For this and his other 
services in advancing art, the Order of the Crown of Italy was 
bestowed upon him in 1932 by the king of Italy. 

Among Mr. Clark’s varied interests was that of the breeding of 
fine horses, an interesting chapter about which appears in his auto- 
biography, ‘‘Leaves From an Artist's Memory.’’ This book sketches 
various experiences in his life and includes anecdotes about a number 
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of the outstanding figures in the world with whom he came in con- 
tact. 

Mr. Clark was a member of the Foreign Trade Council from 
its inception and served as treasurer of it in 1917. While on a trip 
to Japan in 1920 he was invited to become a member of the Japanese- 
American Relations Committee and for three weeks participated 
daily in the discussions of the committee, an experience which is also 
recorded in his autobiography. 

As an engineer, Mr. Clark invented and patented several machines, 
including one used for flanging boiler heads and a vertical rifle barrel 
drilling machine. He had been a member of the A.S.M.E. since 1888 
and belonged to the Engineers’, Century, National Arts, and India 
House clubs, in New York, and to several country clubs. 

His wife, who was Llewella Merrick, of Germantown, Pa., and 
whom he married in 1888, died in 1924. He was survived by their 
two children, Bertha Vaughan, wife of Douglas Wood Dunn, of Stock- 
bridge, and Walter Leighton Clark, of Menlo Park, Calif., and also 
by a sister, Elizabeth K. (Mrs. Charles Heber Clark), of Consohocken, 
Pa. He died at Stockbridge on December 18, 1935.— [Based on 
biography published by The National Cyclopedia of American 
Biography, vol. 27, page 168, and on Mr. Clark’s autobiography. | 


HENRY SMITH DOWNE (1861-1938) 


Henry Smith Downe, for many years vice-president and European 
director of the American Radiator Company, and during the latter 
part of his life chairman of the company’s European managing com- 
mittee, died in Paris, France, on December 8, 1938. He went to 
Kurope to represent the company in 1895 and was made vice-presi- 
dent in 1920. He was originally located in London, but shortly 
after the turn of the century transferred his headquarters to Paris 
where he remained until his death. 

Mr. Downe was born on June 1, 1861, at Mason, N.H. His tech- 
nical training was secured at the Worcester Free Institute, where he 
was graduated with the Class of 1882. For a time he was employed 
as a machinist by the Howe Scale Company, Rutland, Vt., and sub- 
sequently was draftsman with the Simonds Manufacturing Company 
and superintendent of the Simonds Rolling Machine Company, 
Fitchburg, Mass., working on machinery for the manufacture of 
saws and machine knives. From 1888 to 1895 he served first as 
secretary of the National Hot Water Heater Company, Boston, Mass., 
and later as its vice-president, with office in Chicago, Ill., engaging 
in the manufacture and sale of cast-iron sectional boilers. 

Mr. Downe became a member of the A.S.M.E. in 1886, and also 
belonged to the American Society of Heating and Ventilating Engi- 
neers. Two sons, Edward R. Downe and Hamilton B. Downe, sur- 
vived him. 


EDGAR SELAH DOWNS (1874-1939) 


Edgar Selah Downs, for some years sales representative for The 
Engineering Index Service, instituted by the A.8S.M.E., died in New 
York, N.Y., from a coronary embolism on March 3, 1939. He was 
born at Southington, Conn., on September 25, 1874, son of Isaac 
Downs, a farmer, and Ellen Sabrina (Thorpe) Downs. He attended 
the Lewis High School in Southington, and Hillhouse High School, 
New Haven. At Yale University, where he secured the B.A. degree 
in 1898, he received the third Del orest mathematical prize in his 
junior year, and was elected to Phi Beta Kappa. Following his 
graduation, he attended the Yale Graduate School, assisting in the 
laboratory as Sloane Fellow in Physics, 1899-1901, and receiving the 
Ph.D. degree in 1901. 

Mr. Downs was assistant technical editor on Electrical Review, New 
York, 1901-1902, then was instructor in mathematies and science, 
first at the DeLancey School in Philadelphia, Pa., and subsequently 
at the Thurston Preparatory School, Pittsburgh, Pa. From 1903 to 
1906 he served as electrical engineer with the Westinghouse Electric 
& Manufacturing Co. in Pittsburgh, St. Louis, Mo., and New York. 
He taught mathematics and electrical engineering at Cooper Union, 
New York, in 1906-1907 and the latter subject at Columbia Univer- 
sity the following year. 

Mr. Downs was sales engineer for the Public Service Corporation 
of New Jersey, with headquarters at Elizabeth, in 1908-1909, and then 
manager of the Mobile Electric Company, Newark, for a short time. 
In 1910 he organized the E. S. Downs Company, consulting electrical 
and mechanical engineers, with offices in Newark and Philadelphia, 
and he served as its president and treasurer until it was discontinued 
in 1924. The firm specialized in factory installations and construc- 
tion work for the United States government. 

Returning to sales work, Mr. Downs was connected for short 
periods with the Mack Truck Company, Philadelphia, and Pinkerton 
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Electric Equipment Company, New York. He also was employed 
for a time by Murrie & Co., valuation engineers, New York, engaging 
in work for the New York Edison Company. 

To his work for The Engineering Index Service, continuing from 
1927 to 1933, Mr. Downs brought a keen interest and understanding 
resulting from his varied experience in the publishing field, as a 
teacher, and in consulting and sales engineering work. Subsequent to 
1933 he engaged in sales for the Herbert McLean Purdy Management 
Corporation and Brown, Wheelock, Harris, Stevens, Inc., real estate 
brokers, New York. . 

Mr. Downs became a member of the A.S.M.E. in 1928 and also 
belonged to the American Institute of Electrical Engineers, the 
American Association for the Advancement of Science, the Masonic 
order, and the First Congregational Church of East Orange, N.J. 
He married Mary Helen Cox, of Newark, N.J., in 1911, and was sur- 
vived by her and their son, Edgar Selah Downs, Jr. 


ALBERT LEROY EMENS (1872-1939) 


Albert LeRoy Emens, factory superintendent and a vice-president 
of the Duncan Electric Company, a subsidiary of the Duncan Electric 
Manufacturing Company, Lafayette, Ind., died at the Colonial 
Hospital in Rochester, Minn., on October 22, 1939. He was sur- 
vived by his widow, Blanche A. (Miller) Emens, whom he married in 
1911, and by a son, James Warren Emens, of Fostoria, Ohio. 

Mr. Emens was born at Hudson, Mich., on August 8, 1872, son of 
Warren and Nancy Jane (Johnson) Emens. He attended country 
schools and the Addison (Mich.) High School. After working for a 
time for the Page Wire Fence Company, of Adrian, Mich., he began 
an apprenticeship with Nat Lane, of Hudson, who made hub-boring 
machines for wagons and buggies. A year or two later he went to 
work for the Wolcott Lathe Company, Jackson, Mich., where he 
completed his apprenticeship. Then, in succession, he worked for 
the following: Toledo Metal Wheel Company, Toledo, Ohio; Baker 
Bros., also of Toledo; Westinghouse Electric Company, at Turtle 
Creek, Pa. He was offered the job of foreman in some of these 
shops but did not take it because of his desire to gain more ex- 
perience. 

In 1902, however, he took the position of general foreman and 
superintendent of the Duncan Electric Manufacturing Company, in 
which he continued until 1909. He was general superintendent of 
the Streator (Ill.) Motor Car Company in 1909-1910, after which he 
served again as superintendent of the Duncan Electric Manufactur- 
ing Company for two years. From 1912 to 1917 he held a similar 
position with the Sangamo Electric Company, Springfield, IIl., 
and during the next two years with the Piersen Telegraph Transmitter 
Company, Topeka, Kan. He engaged in special engineering work 
with the Gisholt Machine Company, Madison, Wis., and subsequently 
was superintendent of the Menasha Printing & Carton Co., Menasha, 
Wis., before becoming superintendent and a vice-president of the 
Dunean Electric Company in 1921. 

Mr. Emens had taken out a number of patents on labor-saving 
machines and tools. He was active in local affairs in Lafayette and 
vicinity, serving as a member of the School Board from 1929 to 1932; 
a member of the Cary Home Board, 1934-1937; and trustee of the 
Presbyterian Church, 1934-1937. He was a Mason, and had been a 
member of the A.S.M.E. since 1935. 


ESTEBAN DUQUE ESTRADA (1861-1939) 


Ksteban Duque Estrada, for many years connected with the 
Ministry of Public Works, Cuba, was born at Puerto Principe, Cuba, 
on September 19, 1861. He was the son of Esteban Duque and 
Loreto Castillo Estrada. He received his preparatory and technical 
education in this country, attending the Stevens High School and 
being graduated from Stevens Institute of Technology in 1883 with a 
mechanical engineering degree. 

His first employment was with the Juragua Iron Company, a 
Cuban property of the Bethlehem Steel Company, of Bethlehem, 
Pa., for about a year following his graduation. From June, 1884, to 
May, 1886, he was connected with the division of steam supply of 
the New York Steam Company, and during the next four years was 
assistant inspector of bridges for the Southwest System of the Penn- 
sylvania Company, Pittsburgh, Pa. He was a member of the firm 
of Estrada, Kenyon & Gray, inspecting engineers, Pittsburgh, 1890— 
1893, and carried on a consulting and contracting practice in that 
city until 1900. 

Mr. Estrada returned to Cuba to serve as chief engineer of public 
works of the Province of Pinar del Rio. He was sent to the States 
again in 1904-1905 as Commissioner General of the Cuban Govern- 
ment in connection with the Louisiana Purchase Exposition at St. 
Louis, Mo. After going back to Cuba he continued to serve the 
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government in the Ministry of Public Works until he retired in 1931. 
He was chief engineer of the Division of Shops and Machinery for 
some years and later held the same position in the Personnel and 
Contracts Section. After his retirement he continued to reside in 
Havana until his death on February 27, 1939. 

Mr. Estrada became a member of the A.S.M.E. in 1893. He was 
a former member of the International Association for Testing Ma- 
terials and had been granted a patent for a machine for testing the 
strength of metals. At Stevens he was elected to the Delta Tau 
Delta fraternity. 

Mr. Estrada married Isabel Arnold Reynolds in 1892. Two chil- 
dren, Sarah Isabel and Esteban, were born to them.—[Biography 
compiled from best obtainable information, not all of which could be 
verified. ] 


GEORGE VINCENT FITZGERALD (1897-1939) 


George Vincent Fitzgerald, who became a junior member of the 
A.S.M.E. in 1938, was killed in a traffic accident at Little Falls, 
N.Y., on August 25, 1939. He was born in Brooklyn, N.Y., on 
February 23, 1897, son of George E. and Mary E. (Cosgrove) Fitz- 
gerald. He attended the Brooklyn Evening Technical High School 
and Cooper Union, receiving a B.S. degree in mechanical engineering 
in 1938. Earlier, while employed by the Brooklyn Edison Company, 
he took courses in their night school. 

For a number of years he had been engaged the greater part of the 
time by Alfred J. Bassett, New York engineer, on detailed drawings 
for patents. He also did some drafting for Auchincloss, Parker «& 
Redpath, brokers, New York. 

Mr. Fitzgerald was a member of the Knights of Columbus and of 
the Newman Club of Cooper Union. He was an expert chess player 
and enjoyed performing sleight-of-hand and other entertainment 
for the fraternal organizations to which he belonged. He was un- 
married. 


WILLIAM FOX (1864-1939) 


William Fox, professor emeritus of physics, College of the City of 
New York, died in New York on May 4, 1939. He retired from the 
C.C.N.Y. faculty on February 1, 1934, after being a member of it 
since 1887. 

Mr. Fox was born in Bohemia on September 18, 1864, son of Joseph 
K. and Barbara Fox. His early education was secured in his native 
country but he came to the United States while still a boy and was 
graduated from a New York public school. He secured a B.S. degree 
from the College of the City of New York in 1884, and an M.E. degree 
from Stevens Institute of Technology two years later. 

Prior to joining the C C.N.Y. faculty Mr. Fox taught mechanics 
and drawing at the Workingman’s Institute in New York, and he 
continued as instructor in those subjects at the college until 1890, 
when he was advanced to an assistant professorship. He was ap- 
pointed assistant professor of physics in 1905, in which year he also 
secured his final citizenship papers, and held the chair of professor 
of physics from 1910 until his retirement. 

Mr. Fox had been a member of the A.S.M.E. since 1900. He wasa 
Fellow of the American Physical Society and a member of the Ameri- 
ean Association for the Advancement of Science, Electrical Society, 
Inc., and Phi Beta Kappa and Chi Psi fraternities. He had made a 
number of contributions to the technical press and was co-author with 
C. W. Thomas of a book entitled ‘“‘Practical Course in Mechanical 
Drawing.” 

Mr. Fox had been twice married. His first wife, Madeleine Ar- 
naud, whom he married in 1889, died ten years later, leaving two 
children, William Arnaud and Madeleine Arnaud Fox. His second 
wife, Maude Thwing, survived him. They were married in 1917. 


REA MILTON GORDON (1881-1942) 


Rea Milton Gordon, of Syracuse, N.Y., died of a heart attack at 
his home in that city on January 31, 1942. Since April, 1930, he had 
served as consulting engineer, representing W. H. and L. D. Betz, 
chemical engineers and consultants on water problems, whose general 
offices and laboratories are in Philadelphia, Pa., and had an intimate 
knowledge of water problems in Syracuse and vicinity. 

Mr. Gordon was born at Carthage, N.Y., on May 26, 1881, son of 
Frank J. and Rosalie (Owen) Gordon. Following his graduation 
from the Carthage High School he entered the Clarkson Institute of 
Technology, Potsdam, N.Y., where he received the degree of B.S. 
in mechanical engineering in 1902. 

His early employment was with the Nernst Lamp Company, first 
at the Pittsburgh, Pa., laboratories and shops and then as assistant 
to the manager and sales engineer in the Boston, Mass., office. 


After a year with this company he entered the employ of the Solvay 
Process Company in Syracuse, and he continued with that organiza- 
tion until he resigned in 1928. The first year was spent in the draft- 
ing room, after which he was connected with the testing department 
the greater part of the time. From the position of assistant engineer 
of tests he was advanced to assistant manager of the Steam and Test- 
ing Department. During the period 1918-1921 he served in a simi- 
lar capacity in the Soda Ash Department, then became manager of 
the former unit. He was appointed testing engineer for the com- 
pany in 1924, in which capacity his work took him to the several 
plants of the organization. 

Mr. Gordon became a junior member of the A.S.M.E. in 1902, 
associate in 1908, and member in 1912. He was a 32nd degree Mason 
and a Shriner, and a member of the board of the Y.M.C.A. in Syra- 
cuse. 

Surviving Mr. Gordon are his widow, Jessie (Korf) Gordon, and a 
daughter, Lucille (Gordon) Lum, of Washington, D.C. 


JOHN COLBURN GORTON (1865-1939) 


John Colburn Gorton, mechanical engineer for the Union Twist 
Drill Company, Athol, Mass., for more than twenty years, died on 
May 11, 1939, of coronary thrombosis. His nearest surviving rela- 
tive was his daughter, Edna W. Gorton, of Longmeadow, Mass. 
His wife, Abby Jane (Makee) Gorton, whom he married in 1885, died 
in 1922. 

Mr. Gorton was born on June 12, 1865, in Providence, R. I., son of 
John and Emily (Colburn) Gorton. After leaving high school he 
entered the employ of the Brown & Sharpe Manufacturing Co., 
Providence, where he became familiar with shop and drafting-room 
work and then was assigned to the design of milling and other ma- 
chines. Supplementing his high-school course, he took private in- 
struction evenings in engineering and other subjects. 

In 1889 Mr. Gorton went to Stamford, Conn., to enter the draft- 
ing room of the Yale & Towne Manufacturing Co. He was engaged 
chiefly on the design of cranes during about two years there and had 
charge of one department of hand work for nearly a year. In August, 
1891, he became draftsman for E. D. Leavitt, Cambridgeport, Mass., 
of whose drafting room he subsequently was made assistant foreman, 
supervising work on hydraulic and mining machinery. 

Details regarding Mr. Gorton’s later work are not available. He 
was assistant engineer of machinery for the Brooks Locomotive 
Works at Dunkirk, N.Y., 1899-1902; manager of the Chicago Pneu- 
matic Tool Company, Cleveland, Ohio, during the early part of 
1903; engineer of machinery, American Locomotive Company, 
Schenectady, N.Y., from then until into 1907; with the National 
Cash Register Company, Dayton, Ohio, for about six months; super- 
intendent of the Harris Automatic Press Company, Niles, Ohio, 
1908-1912; and consulting engineer, Warren, Ohio, from then until 
he became mechanical engineer for the Union Twist Drill Company 
in 1917. 

Mr. Gorton became a junior member of the A.S.M.E. in 1889 and a 
member in 1897. He belonged to the Star Lodge of the Masonic 
order in Athol, Mass., and to the Harris Council, R. & S.M. and Union 
Royal Arch Chapter in that city, and to the Dunkirk Commandery 
No. 40, Knights Templar; also to the Shriners and Order of the 
Eastern Star. He was especially interested in music and played the 
violin, and was devoted to church work. 


FREDERICK JOSEPH GUBELMAN (1869-1936) 


Frederick Joseph Gubelman, who died on July 1, 1936, was born 
in Hoboken, N.J., on January ?; 1869, son of Theodore Franz and 
Julia Susanna Gubelman. He secured his early education in schools 
in Jersey City, N.J., and was graduated from Stevens Institute of 
Technology in 1889 with a mechanical engineering degree. His first 
employment was with the Phoenix Iron Works Company, New York, 
N.Y., in charge of the erection of steam-boiler and engine plants, 
electric-light stations, and similar structures, and he also worked to 
some extent on the design of compound engines. 

In May, 1890, Mr. Gubelman became connected with McKee & 
Milson, Paterson, N.J. This firm had contracted with the East 
Jersey Water Company to build a steel riveted pipe line for the City 
of Newark, N.J. Mr. Gubelman had entire charge, as engineer, of 
both shop and field work, and was engaged in this assignment until 
March, 1893. During the next six months he had similar responsi- 
bilities in connection with a pipe system at Rochester, N.Y., for which 
McKee & Milson were contractors. These pipe lines were the 
largest and longest of that type of construction undertaken up to that 
time. The Newark line consisted of twenty-two miles of 48-in. 
pipe and five miles of 35-in. pipe, all riveted together in a continuous 
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shell without expansion joints. The Rochester line consisted of 
twenty-eight miles of 38-in. pipe of a similar construction, about half 
of which was built under Mr. Gubelman’s supervision. 

Mr. Gubelman left McKee & Milson in October, 1893, to go into 
contracting on his own account. This venture was not successful, 
however, and from March to September, 1894, he was associated 
with Professors J. E. Denton and D. S. Jacobus in conducting a 
number of tests of steam radiators, blowers, etc., at the Department 
of Tests of Stevens Institute. He next became principal assistant 
to Robert Swan, supervising engineer for the new waterworks of 
Allegheny City, Pa. In this position, which he retained until July, 
1896, he had entire charge of the designing and construction of the 
works. During the latter part of the period he was also employed 
at different times by the East Jersey Water Company to look after 
the designing of some of its extensions and improvements, including 
the 42-in. steel pipe line connecting its system with the Jersey City 
waterworks. He also practiced to some extent as consulting engineer 
in legal controversies, etc. 

On July 1, 1896, Mr. Gubelman engaged as chief engineer with the 
firm of T. A. & R. G. Gillespie, engineers and contractors, of Pitts- 
burgh and New York, which was then building a storage reservoir at 
Canistear, N.J., with a capacity of 2,500,000,000 gallons, a water 
surface of about 440 acres, and four separate dams. The firm was 
reorganized at the beginning of 1897 into the T. A. Gillespie Co., 
a corporation, in which Mr. Gubelman was elected a director and 
also appointed chief engineer and manager of the New York office. 
In February, 1900, he was elected vice-president of the company, 
a position which, together with those of chief engineer and director, 
he held until February, 1903. During that time the firm constructed, 
among other engineering works, portions of the Pittsburgh, Bessemer 
& Lake Erie R.R.; about eight miles of 50-in. steel riveted pipe for the 
City of Minneapolis, including a double line under the Mississippi 
River; considerable work for the East Jersey Water Company, in- 
cluding a pumping station, power plant, and filtration plant at Little 
Falls, a nine-mile 51-in. riveted steel pipe from Little Falls to Newark, 
and a large reservoir near Paterson; and mains for the New York 
Water Department and for the Pittsburgh system. 

Mr. Gubelman severed his connection with the Gillespie company 
to form the Eastern Construction Company of New Jersey, general 
contractors with offices in New York. He was president of this 
company and about two years later also became connected, as vice- 
president, with the O'Rourke Engineering Construction Company, 
New York. He was president of the Regina Corporation, New 
York, manufacturers of vacuum cleaners for some years, resigning 
in 1920, and president of the New Era Manufacturing Company, 
Paterson, makers of multi-process and multi-color printing presses, 
from 1920 until his death. He was also secretary and treasurer of 
the Gubelman Publishing Company. 

Mr. Gubelman took out a patent for an automatic air valve which 
permits air to escape from the high points in a pipe line, but allows no 
water to escape, and, vice versa, prevents the formation of a vacuum 
when water is drawn off. 

He became an associate of the A.S.M.E. in 1895. He also held 
membership in the American Society of Civil Engineers and The 
Franklin Institute. He was a member of the American Water Works 
Association from 1897 to 1920. His clubs included the University, 
of Hudson County, N.J., Hamilton, of Paterson, Jersey City, and 
Deal Golf, of Deal Beach, N.J. He belonged to the Tau Beta Pi 
fraternity.—|Based, in part, on a biography in the Morton Memorial, 
published by Stevens Institute of Technology in 1905. | 


RICHARD ALEXANDER HAINES (1902-1942) 


Richard Alexander Haines, a junior member of the A.S.M.E. 
since 1939, was killed in action in the Solomon Islands on November 
30, 1942, while serving as a lieutenant (senior grade) in the U.S. 
Naval Reserve. The Navy Cross has been awarded to him post- 
humously in recognition of his service. The citation was as follows: 

“For extraordinary heroism as assistant to the Damage Control 
Officer aboard the U.S.S........... during action against enemy 
Japanese forces off Savo Island on the night of November 30, 1942. 
When his ship was struck by a torpedo forward, Lieutenant Haines, 
with utter disregard for his own personal safety, remained at Central 
Station to assist in the control of damage until he finally succumbed 
to an asphyxiating gas which had been generated by the explosion. 
His courageous spirit of self-sacrifice, maintained above and beyond 
the call of duty, was in keeping with the highest traditions of the 
United States Naval Service. He gallantly gave up his life in the 
defense of his country.” 

A further honor has been conferred upon him in the naming for 
him of a destroyer escort vessel, Mrs. Haines acting as sponsor. 

Lieutenant Haines was born at Haines Falls, N.Y., on April 28, 
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1902, the son of Richard Franklin and Jane Virginia (Baker) Haines 
He attended high school in Tannersville, N.Y., the Tennessee Military 
Institute at Sweetwater, Tenn., and the U.S. Naval Academy. 

After resigning from the Naval Academy in 1928, he was em- 
ployed by R. H. Baker & Co., power plant and piping contractors, 
New York, N.Y., as assistant engineer, and by the Railway Steel 
Spring Company, New York, on design work, for short periods, then 
served in the U.S. Coast Guard for several years as an ensign, being 
watch, communication, commissary, navigation, and ordnance 
officer on destroyers of the 1000-ton class. 

In the latter part of 1932, after a few months as field representative 
for the Universal Credit Company, New York, he entered the employ 
of the Metropolitan Life Insurance Company, New York, in the 
position of assistant air conditioning engineer, having general super- 
vision over power-plant operation, maintenance, and repair. In 
1934 he was engineer-in-charge at the Temple Emanu-el, New York, 
for some months, then returned to the Metropolitan Life Insurance 
Company, where he remained until 1937. He left this work to be- 
come assistant manager in charge of production for Reichard- 
Coulston, Inc., Bethlehem, Pa., manufacturers of dry earth pigments 
and rouges. He continued in this position until he returned to naval 
duty on August 11, 1941. He was stationed at the Bureau of Ships, 
U.S. Navy Department, Washington, D.C., in connection with the 
maintenance and repair of minecraft, until assigned to sea duty in 
the Pacific on July 11, 1942, as assistant damage control officer. 

Lieutenant Haines was a member of the U.S. Naval Institute. 
the Lehigh Valley Engineers Club, and the U.S. Naval Academy 
Alumni Association of New York. He had qualified as an expert with 
pistol and rifle and had been awarded the Purple Heart Medal. 

In addition to his widow, Mary Nebeker (Volkhardt) Haines, of 
Palo Alto, Calif., whom he married in 1928, he was survived by three 
children, Mary-Jane, Richard Alexander, Jr., and Barbara-Ann 
Haines. 


RUSSELL JOHN HAWN (1878-1938) 


Russell John Hawn, vice-president in charge of operations of the 
Monsanto Chemical Company, of Anniston, Ala., died on October 
14, 1938, in Birmingham, Ala., after an illness of several weeks. Mr. 
Hawn was born on March 8, 1878, at Stevens Point, Wis., and was 
graduated from the University of Wisconsin in 1901 with a B.S. 
degree in civil engineering. 

Following his graduation Mr. Hawn entered the employ of the 
Virginia Portland Cement Company, Fordwick, Va., with which 
he was connected until 1917, serving successively as draftsman (1901- 
1904), superintendent of quarries (1904-1906), plant superintendent 
(1907-1909), general superintendent (1910-1911), and manager the 
remainder of the time. He was next manager of the Ohio Chemical 
Company, Springfield, Ohio, in 1917, and then was associated with 
the Oakland Chemical Company, Rossville, S.I., N.Y., and Bessemer 
(Pa.) Limestone & Cement Co. before going to Birmingham about 
1922. After a short time as superintendent of the Phoenix Portland 
Cement Company he was made chief engineer of this company and 
continue,i in that capacity until 1930, when he became vice-president 
of the Swann Corporation. Following a merger of the Swann organi- 
zation with the Monsanto Chemical Company in 1935, Mr. Hawn be- 
came vice-president of the latter. 

Mr. Hawn became a member of the A.S.M.E. in 1913 and was also 
a member of the Birmingham Engineers Club and Birmingham 
Country Club. He was a director of the Associated Industries of 
Alabama and served for many years on the vestry of the Church of 
the Advent in Birmingham. 

Surviving him were his widow, Amelia D. Hawn, a son, John Lewis 
Hawn, a daughter, Mrs. Morris E. Ballard, and a brother, Fred J. 
Hawn.—[Biography compiled from best obtainable information, 
not all of which could be verified. } 


HERBERT BENJAMIN HEADRICK (1899-1939) 


Herbert Benjamin Headrick died on March 4, 1939. He joined 
the A.S.M.E. as an associate-member in 1930 and was automatically 
transferred to the member grade in 1935. At the time of his death 
he was employed by the Westinghouse Electric & Manufacturing Co. 
as office engineer in Pittsburgh, Pa., and information for this memorial 
biography, supplementary to that supplied by Mr. Headrick’s 
A.S.M.E. membership application form, was furnished by H. H. 
Bucker, steam superintendent of the company at Pittsburgh. 

Mr. Headrick was born on November 21, 1899, in Greeneville, 
Tenn. He prepared for college at the Winfield High School, Win- 
field, Kan. From there he entered the Kansas State Agricultural 
College, where he was graduated in mechanical engineering in June, 
1922. After graduation Mr. Headrick came int» the employment of 
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the Westinghouse Electric & Manufacturing Co. as a technical ap- 
prentice in the educational department at the South Philadeiphia 
Works. In the summer of 1923 he became erecting engineer, steam 
division, service department, southwestern district, at St. Louis, Mo. 
He was transferred to the Pittsburgh service on December 1, 1937, 
in the position which he held at the time of his death. 

Mr. Headrick was married, and the father of four children. 


GEORGE WASHBURN HEALD (1873-1942) 


George Washburn Heald, chief engineer of The Ramtite Company 
(Division of The 8S. Obermayer Co.), Chicago, IIl., since November 1, 
1936, died in that city on November 16, 1942. His wife, Daysie B. 
(Poole) Heald, whom he married in 1905, died in 1941. A married 
daughter, Mary Louise (Mrs. Robert C.) Hepple, of Highland Park, 
Ill., survived him. 

Mr. Heald was born on October 22, 1873, in Barre, Mass., son of 
Henry N. and Sarah G. (Washburn) Heald. He secured his early 
education in Greenfield, Mass., and was graduated from the Wor- 
cester Polytechnic Institute with an S.B. degree in 1894. For about 
two years following his graduation he was employed in Holyoke, 
Mass., where he worked successively for the Deane Steam Pump Com- 
pany, Norman Paper Company, and Wauregan Paper Company. 
Then he served as draftsman for the Cornwall Printing Press Com- 
pany, Stamford, Conn., and the Norwalk Iron Works Company, South 
Norwalk, Conn., after which he held a similar position with the Geo. 
F. Blake Manufacturing Co., East Cambridge, Mass. 

Early in 1899 Mr. Heald went to Quincy, IIl., to become chief 
draftsman for the Gardner Governor Company, but soon took up 
design work for Fraser & Chalmers, in Chicago, and continued 
with Allis-Chalmers Company until 1903. He next engaged in the 
sale of air compressors for the Chicago Pneumatic Tool Company for 
about a year, then spent about three years with the Bates Machine 
Company, Joliet, [ll., as chief draftsman and engineer. In 1909- 
1911 he was constructing engineer for the Illinois Brick Company, 
Chicago, after which he served for some years as mechanical designing 
engineer for the Bureau of Engineering of the City of Chicago. Part 
of the time, as engineer of pumping station efficiency, he conducted 
acceptance tests of boilers and other equipment. He was also in 
active charge of the operation of all pumping stations under the 
system in 1918-1919. 

In 1920 Mr. Heald became a partner in the firm of Saxe & Heald, 
contracting engineers and sales representatives for stokers of several 
types and other power plant equipment. This association continued 
for some four years and later he was appointed Chicago representative 
of the Strong-Scott Manufacturing Company, of Minneapolis, Minn., 
for the sale of unit coal pulverizers for boiler firing. In 1933 he en- 
tered the Chicago office of the Wm. Bros. Boiler & Manufacturing Co., 
of Minneapolis, as associate of the district manager, engaging in 
water-tube boiler sales. He left this position to take that which he 
held at the time of his death. 

In the course of his design work, Mr. Heald invented a butterfly 
hydraulic check valve which he had patented. 

He became a junior member of the A.S.M.E. in 1899, resigned in 
1910, and was reinstated with the grade of member in 1919. He 
belonged to the Sigma Alpha Epsilon and Masonic fraternities. 


CHARLES OLIVER HEGGEM (1851-1939) 


Charles Oliver Heggem, retired, died in Massillon, Ohio, on 
October 22, 1939, in his eighty-eighth year. He had been a resident 
of Massillon for many years, being associated with several com- 
panies there prior to his retirement, and taking part in other activi- 
ties. 

Mr. Heggem was a native of Bergen, Norway, where he was born 
on November 29, 1851, son of Ole Axelsen and Johanne Knudsdatter 
(Moklebust) Heggem. He served a four-year apprenticeship at 
marine works in Bergen concurrently with attendance at evening 
classes at the technical institute there. After coming to the United 
States he was employed for two years at printing press works in 
Chicago, Ill., and thirteen years at the Buckeye Engine Works, 
Salem, Ohio, the last four in charge of an erecting gang, before 
becoming associated with the firm of Russell & Co. in Massillon. 

Mr. Heggem was advanced from foreman to superintendent of the 
Engine Department of the Russell company, then to general super- 
intendent of the company, in which capacity he served until 1902, 
when he became vice-president, an office held by him until 1924. 
This company manufactured tractors, sawmills, and threshers. From 
1900 to 1912 he was a director of the Russell Engine Company, manu- 
facturers of stationary engines; from 1899 to 1910 a director of the 
Massillon Iron & Steel Company, makers of cast-iron pipe; and from 
1910 to 1935 a director of the Massillon Bridge Structural Company. 
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A number of patents were taken out by Mr. Heggem. He was 
considered a pioneer in standardized manufacturing, endless-rope 
power transmission, compound engines for steam tractors, and the 
industrial use of compressed air. 

Mr. Heggem became a naturalized citizen of the United States in 
1875. He was vice-president of the First Savings & Loan Co., Mas- 
sillon, from 1888 to the time of his death, and president of the 
Massillon Cemetery Association from 1924 to 1938. He became a 
member of the A.S.M.E. in 1889. He was a Mason, Shriner, and 
Knight Templar and received the Mason’s fifty year veterans emblem 
in 1935. 

Mr. Heggem’s wife, Elise Rebecca (Boe) Heggem, whom he 
married in 1872, died on December 4, 1939. Two sons survived them, 
Alfred G. Heggem, Lanagan, Mo., and Chalmer R. Heggem, Mas- 
sillon. 


FREDERICK CHARLES HERSEE (1875-1939) 


Frederick Charles Hersee, president and treasurer of the Cam- 
bridge Screw Company and Cambridge Screw Sales, Inc., Cambridge, 
Mass., died on May 16, 1939, after a brief illness. His widow, Ann 
Estelle (Rose) Hersee, whom he married in 1917, and a daughter, 
Jean Anne Hersee, of Belmont, Mass., survived him. 

Born at Roslindale, Mass., on March 29, 1875, son of Alfred Charles 
and Eliza Ann (Cole) Hersee, Mr. Hersee attended the Roslindale 
grammar and high schools and Burdett Business College. During the 
next six years he was connected with the building trade, becoming 
familiar with woodworking and masonry while associated with Hersee 
Brothers, Roslindale, J. F. Paul & Co., and G. D. Hill, the latter two 
being in the interior finishing business. Mr. Hersee had some ex- 
perience during this period in the design of interior woodwork, and 
in 1899, after engaging in the operation of a tobacco plantation in 
Texss for two years, he became general manager of sales and director 
of all engineering and designing for the M. Frank Lucas Company 
of West Newton, Mass., and Tremont Mills Company, Roxbury, 
Mass., both organizations being manufacturers of interior woodwork. 
He continued in this work until 1905, then spent three years dealing 
in real estate. 

In 1908 Mr. Hersee entered the automotive field as general man- 
ager and assistant chief engineer of the Waterhouse Company, 
manufacturers of welding machinery and automotive accessories. 
Four years later he became general manager and chief engineer of 
the Motor Specialties Company, Waltham, Mass., manufacturers 
of automotive accessories and tools, electrical specialties, and parts 
for gasoline engines. He was later president and treasurer of this 
company, which after its early years specialized in the manufacture 
of machine-screw products. About 1924 he established the F. C. 
Hersee Manufacturing Co., Boston, for the making of simjlar prod- 
ucts, and a few years later relocated the business in Watertown, 
Mass., as the F, C. Hersee Co. He was president and treasurer of 
both these companies. 

The work of these previous organizations was continued in 1933 
by the Cambridge Screw Company, which Mr. Hersee organized 
and in which he served as president and treasurer until his death on 
May 16, 1939. He held many patents in this line of work, and was 
frequently consulted because of his mechanical knowledge and 
ability. Mrs. Hersee is now principal stockholder and treasurer of 
the Cambridge Screw Company. 

Mr. Hersee had been an associate of the A.S.M.E. since 1919, 
and was very active in the Masonic order. As a hobby, he engaged 
in horticulture, raising prize mushrooms, strawberries, and other 
fruits. 


NICHOLAS SNOWDEN HILL, JR. (1869-1936) 


Nicholas Snowden Hill, Jr., was born in Baltimore County, Md., 
on June 18, 1869, the son of Major Nicholas Snowden and Mary 
(Cocke) Hill. After attending private schools in Baltimore, and 
studying at Georgetown University, he worked for about a year 
(1886-1887) in the shops and drafting room of the Baltimore & Ohio 
R.R., at Baltimore and at Newark, Ohio. He then entered the 
Stevens Institute of Technology, from which he was graduated in 
1892 with the degree of mechanical engineer. 

Mr. Hill entered professional life as mechanical engineer for the 
South Side Elevated Railroad, Chicago, IIl., following his graduation 
and continued there for about a year, when he returned to Baltimore 
to serve as engineer-secretary of the Baltimore Sewerage Commission, 
for which he formulated a report that served as a basis for the existing 
sewerage system of that city. Subsequently he was appointed 
engineer of the Electrica! Commission of Baltimore and designed 
an underground conduit system for the accommodation of all the 
electrical wiring of the city. Following this work, he was made chief 
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engineer of the Water Department of the city, and, in this capacity, 
he reorganized the department and designed and supervised extensive 
improvements to the waterworks system. 

In 1898 Mr. Hill engaged in general consulting engineering practice 
in Baltimore with B. C. Howard under the firm name of Hill & 
Howard. The next year Alfred M. Quick succeeded Mr. Howard in 
the firm, which continued its work in Baltimore until 1900. From 
March 1, 1899, to September 1, 1900, Mr. Hill served the Charleston 
(S.C.) Consolidated Railway, Gas & Electric Co. as general manager, 
consolidating that company’s various properties and rebuilding and 
rehabilitating them. While in Charleston he served on committees 
relative to a South Carolina Interstate and West Indian Exposition. 

Upon the completion of his work in Charleston, Mr. Hill went to 
New York, where he continued consulting practice with the firm of 
Hill, Quick & Allen until September, 1902, when he was appointed 
chief engineer of the Water Department of the City of New York. 
As executive of that department he was in responsible charge of 
improvements amounting to several million dollars annually and 
instituted a comprehensive investigation of the ground-water supplies 
of Long Island. He resigned in 1904 to give all his time to private 
practice, in which he continued, with offices in New York, until his 
death. 

As consulting engineer, Mr. Hill gave special attention to problems 
of water supply and sanitary engineering, and to pubiic-utility ap- 
praisals, being recognized as one of the foremost experts in the latter 
tield. He established an international reputation and was identified 
with notable enterprises in the United States, Canada, Mexico, Ciba, 
and China. During his professional life he was retained by more ; han 
three hundred and fifty states, districts, counties, municipalities and 
private corporations, and he appraised more than one hundred,*vater 
companies and departments. P| 

Some of the more notable projects and problems with wh¢éh Mr. 
Hill was associated in his capacity as consultant were: Mengver of a 
committee of three engineers to study and report on the g,ollution 
of harbors along the Atlantic seaboard; a report on the Br@&x Valley 
sewer project for the Bronx Valley Sewer Commission “of West- 
chester County, New York; chairman of the Jerome {ark Filter 
Commission to consider the advisability of filtering the Coton water 
supply for the City of New York; consulting engineer fox fersey City, 
N.J., regarding the proper method of treating that city’sy. ater supply; 
4 report on additional water supply for the City ofgdaltimore; a 
comprehensive report on water supply, drainage, “ewerage, and 
sewage treatment for Tampa, Fla., and environs ang the design and 
supervision of construction of new water-supply system there; 
collaboration in investigation and report upon available new water 
supplies for Regina, Sask., Can., and surrounding communities; a 
survey and report on water-supply resources and conditions through- 
out Westchester County and the best means of developing and 
organizing a county controlled system; a complete and compre- 
hensive report for the City of Albany, N.Y., on sources of water 
supply available and recommended development; consulting en- 
gineer to the New Jersey Water Policy Commission, including study 
and investigation of the best means of developing and conserving the 
water resources of the state and a comprehensive survey of resources 
and requirements; a report on the development of a water supply 
for the Metropolitan District of Northern Ohio; testimony for the 
State of New Jersey in the Delaware River diversion case before a 
special master appointed by the United States Supreme Court; and 
investigation and report on water supply and financial administration 
of the Shanghai, China, Water Works Company, Ltd. 

During World War I Mr. Hill was supervising engineer at Camp 
Merritt, N.J., and his experiences there form the basis for an article, 
‘Water Supply and Sewerage at Cantonments,’’ which appeared in 
Military Engineer in the issue for September-October, 1933. He 
subsequently was placed in charge of the Army transport terminal 
at Port Newark and later was appointed designing and supervising 
engineer for the United States Housing Bureau. In this position, 
Mr. Hill had charge of the sewerage and water facilities in connection 
with the Bureau’s developments at Norfelk and Portsmouth, Va. 

Among his outstanding designs in the field of wa’ erworks engineer- 
ing is the Oradell dam of the Hackensack, N.J., Water Company. 
He was awarded the Thomas Fitch Rowland Prize by the American 
Society of Civil Engineers in 1926 for his paper, ‘The Oradell Dam 
of the Hackensack Water Company,” describing the design of this 
dam (paper presented at the November, 1925, meeting of the Society 
and published in the A.S.C.E. Transactions, vol. 89, 1926, p. 1181). 

A number of other articles and papers on water supply, sewage 
disposal, electric grounding, and waterworks operation were written 
by Mr. Hill and published in American City, Annual Report of the 
Connecticut Society of Civil Engineers, Engineering News-Record, 
Journal of the American Water Works Association, and Water Works 
Engineering. 
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Mr. Hill served as preside .:t of the Board of Water Commissioners 
of East Orange, N.J., from [912 to 1920, and as president of the Con- 
solidated Water Company of Suburban New York from 1921 to 
1923. He had been consulting engineer for the Hackensack Water 
Company, serving more than fifty communities in northern New 
Jersey, since 1910, and was elected a director of the company in 1922 
and president in 1926. 

He became a member of the A.S.M.E. in 1912, served on the 
Membership Committee in 1917, and represented the Society on the 
American Standards Association’s Sectional Committee on Pipe 
Flanges and Fittings from its organization in 1921 until his death 
and on four of its subcommittees from their organization in 1924 to the 
time he died. 

He also belonged to two other ‘‘Founder Societies,” the Ameri- 
can Society of Civil Engineers and the American Institute of Elec- 
trical Engineers. 

Mr. Hill was a member of the American Water Works Association 
from 1901 until the time of his death. He served as its president in 
1915-1916, and honorary membership was conferred upon him in 
1936. During his presidential term he established the association's 
annual award, known as the Nicholas S. Hill, Jr., Cup, which is 
awarded to local sections of the association for growth in member- 
ship. Mr. Hill was very active in all of the affairs of the association, 
serving on numerous governing and technical committees, as chair- 
man in many cases. His most recent activity of this nature was as 
chairman of the committee on electrolysis and electrical interference, 
and as the association's representative on joint committees on elec- 
trical grounding and on water supplies for private fire protection. 

He was a former member of the council of the American Institute 
of Consulting Engineers and chairman of its Committee on Pro- 
fessional Practice and Ethics. He was chairman of the Committee 
on Water Works of the American Society for Municipal Improve- 
ments and a member of the Committee on Cast Iron of the American 
Society for Testing Materials. He was a Fellow of the American 
Public Health Association and from 1929 to 1931 was a member of its 
Committee on Public Health Engineering Manual of the Public 
Health Engineering Section. Other technical and scientific organiza- 
tions to which he belonged were the American Association for the 
Advancement of Science, the American Academy of Political and 
Social Science, American Electrochemical Society, New England 
Water Works Association, New England Sewage Works Association, 
Connecticut Society of Civil Engineers, New York Sewage Works 
Association, New Jersey Sewage Works Association, Municipal 
Engineers of the City of New York, National Municipal League, 
National Conference on City Planning, American Street Railway 
Association, International City Managers Association, American 
City Planning Institute, and American Committee on World Power 
Conference. 

He also belonged to many non-technical associations and clubs, 
served on the Board of Trustees of Stevens Institute as representative 
of the Alumni Association from 1919 to 1922, and was a member of 
Delta Tau Delta fraternity. 

The death of Mr. Hill occurred on October 18, 1936, while he was 
being taken from his residence at Greens Farms, Conn., to New York 
for treatment following a heart attack suffered the previous day. 
He was survived by his widow, Florence (Acheson) Hill, and by « 
sister, Mary (Mrs. James) Mills, both of whom have since died; 
by a half-sister, Irene Johnson (Mrs. George M.) Bolling; two chil- 
dren by a former marriage (to Isabelle Burns Berry, Baltimore, 1895), 
Nicholas Snowden Hill, III, of Salisbury, Conn., and Isabelle (Mrs. 
Clyde G.) Guthrie, of Princeton, N.J.; and four grandchildren, 
Nicholas Snowden Hill IV, and Anne Donaldson, Isabelle Burns, 
and William Alexander Guthrie ——[Memorial taken, in part, from 
memoir prepared by Georce H. Buck and Cartes F. Jost, New 
York, N.Y., for the Transactions of the American Society of Civil 
Engineers. } 


ERIC ALFRED HILTON (1888-1938) 


Eric Alfred Hilton, who had been a member of the A.S.M.E. since 
1926, died on May 2, 1939, in Bombay, India, after an illness of 
several months. He was survived by his widow, Irma Ada (Cal- 
laghan) Hilton, whom he married in 1921, and by two sons and a 
married daughter, all living in India, Stanford in Lucknow, John in 
Jubbulpore, and Mrs. O. Duck in Karachi. 

Mr. Hilton was born in Lucknow on April 24, 1888, son of Edward 
Henry and Helen (Copley) Hilton. He attended La Martiniere 
College, Lucknow, and, from 1906 to 1911, the technical college of 
the Oudh & Rohelkhand Ry., while serving an apprenticeship with 
that road. After completing this training he entered the employ 
of Messrs. Worthington, Simpson, Ltd., for whom he directed the 
construction of a number of the largest pumping plants for water 
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supply and sewage in India. On leave during World War I, he served 
as a lieutenant in the Royal Engineers under the chief mechanical 
engineer to the Northern Command, on the preparation of plans 
for the Northwest Frontier. Later his services were given to the 
Gaya Municipality as water works engineer at the request of the 
sanitary engineer to the government of Bihar and Orissa, F. C. 
Temple. Mr. Temple subsequently became chief engineer for the 
Tata Iron & Steel Co., at Jamshedpur, and Mr. Hilton joined him 
there as pipe engineer to work on the layout of the water supply lines 
for all the works and build new pumping stations. 

Upon the completion of this project in 1922 Mr. Hilton became 
superintendent of machinery for the Karachi Municipality, in which 
position he continued until his death. In addition to the main- 
tenance of machinery, he was responsible for the construction of 
two pumping plants at Dumlotte, each having a capacity of nine 
million gallons a day, as well as for the erection of other smaller plants, 
and construction work in connection with the drainage system and 
water works distribution. He greatly improved the efficiency of 
the whole system and in general served the municipality with such 
ability as to be called upon to act as executive engineer at several 
different periods. 

Mr. Hilton served on the Board of Examiners to the Sind govern- 
ment from 1927 until his death, was on the Social Club Committee 
of the Holy Trinity Church, Karachi, for the same period, and during 
the last ten years of his life was a member of the Managing Com- 
mittee of the Karachi Grammar School. 


JAMES CALVIN HOBART (1866-1938) 


James Calvin Hobart, of Cincinnati, Ohio, whose death occurred 
on August 15, 1938, while he was visiting in Vermont, was born in 
Cincinnati on March 11, 1866, son of William Newell and Elizabeth 
Ann (Babbitt) Hobart. He attended school in Cincinnati prior to 
entering the Massachusetts Institute of Technology, where he was 
graduated in 1887 with an S.B. degree in mechanical engineering. 

Following his graduation Mr. Hobart was employed for about two 
years by the James L. Haven Elevator Co., of Cincinnati, as drafts- 
man and mechanical engineer. He then became secretary of the 
Triumph Compound Engine Company, Cincinnati, and he continued 
with this company and its successors in various capacities until his 
retirement in 1936. When he first became associated with the com- 
pany it was engaged almost entirely in building steam engines. Later 
it began to put out a line of electric motors and ice and refrigerating 
equipment, and the name of the company was changed to the Triumph 
Electric & Ice Machine Co. Mr. Hobart served as secretary and 
manager of the company until 1912, when he was made president 
and manager. The name of the company was again changed, in 
July, 1926, to the Triumph Electric Corporation. 

He was one of a group of Cincinnati employers who gave valuable 
support to the co-operative system of education inaugurated at the 
University of Cincinnati in 1906. Under this system students are 
given academic instruction alternately with shop practice. Mr. 
Hobart not only gave employment to students, but also took an 
active interest in the co-operative plan as an educational experiment. 

Mr. Hobart became a junior member of the A.S.M.E. in 1888 and 
in 1893 was promoted to full membership. He was a member of the 
Board of Directors of the Ohio Mechanics Institute, Cincinnati, for 
nearly thirty years, had served as president of the Cincinnati Club 
and was on its board for several terms, and was a member of the 
Cincinnati Chamber of Commerce, and of the Engineers, Commercial, 
and several other clubs. He had contributed many articles to the 
technical press. 

Surviving Mr. Hobart were his widow, Lucretia (Winchell) Hobart, 
whom he married in 1890, and three sons, James Calvin, Jr., and 
Robert Winchell, both of San Francisco, Calif., and Everett Winslow 
Hobart, of Cincinnati. 


JOSEPH HUNT HOLT (1880-1938) 


Joseph Hunt Holt, who died on August 13, 1938, was born on 
August 10, 1880, in Wilmington, Del., son of Thomas S. and Anna 
Fleming (Hunt) Holt. In addition to his public schooling he took 
private instruction and courses at Drexel Institute. At the age of 
sixteen he entered upon a special apprenticeship with the Harlan & 
Hollingsworth Shipbuilding Corp., Wilmington, upon the completion 
of which he was employed by the Midvale Steel Company, Phila- 
delphia, Pa., as designing draftsman on special marine engines. 

In 1903 Mr. Holt began a period of eight years with E. I. du Pont 
de Nemours & Co., Inc. During the first year he was designing 
draftsman for high explosive plants in Alabama and Wisconsin, next 
assistant engineer in charge of a plant at Emporium, Pa., and from 


1905 to 1911 resident engineer in charge of the construction and 
operation of a smokeless powder plant at Pennsgrove, N.J. 

After leaving the du Pont Company, Mr. Holt served successively 
as engineer in charge of the erection of an artificial stone plant for 
the Diamond State Stone Company, Wilmington, Del.; assistant 
engineer in the Water Department of the City of Wilmington, work- 
ing on the design of a settling basin and slow sand filters; and chief 
draftsman for Jos. Bancroft & Sons Co., Wilmington, designing 
machinery and buildings for the textile industry. 

Mr. Holt was in the employ of the Atlas Powder Company, Wil- 
mington, from 1918 until 1930, when he resigned because of poor 
health. During this period he was in charge of construction work 
in the field at several plants as superintendent of construction. He 
was later a project engineer in the general office in Wilmington and in 
that capacity had charge of the design and construction of several 
chemical plants and additions to them. Outstanding during this 
period was the design and construction of a plant in Texas built by 
the company for the Darco Corporation. 

Later, Mr. Holt was for several years associated with the State 
Administrator of Public Work in Delaware, and at the time of his 
death he was employed as assistant to the designing engineer in the 
Turbine Engineering Department of the Hercules Powder Company, 
Wilmington. 

Mr. Holt became an associate-member of the A.S.M.E. in 1919 
and a member two years later. He was a Mason and a Shriner and 
belonged to the Windsor Club and Whist Club of Wilmington. 

Surviving Mr. Holt were his second wife, Elizabeth Fleming Holt, 
and four sons, Roger Hunt, Hugh B., Franklin T., and J. Hunt Holt, 
Jr. His first wife, Margaret Bradway (Carter) Holt, whom he mar- 
ried in 1905, died in 1913. 


FRANK B. HOWELL (1863-1937) 


Frank B. Howell, technical adviser and an executive official of the 
American Radiator Company & Standard Sanitary Corp., died on 
October 10, 1937, at the Lenox Hill Hospital, New York, N.Y. 

Mr. Howell was born at Yonkers, N.Y., on July 28, 1863, the son 
of David and Mary (Baker) Howell. His early education was ob- 
tained in the Yonkers schools, at Cooper Institute, and in the Lowell 
Institute of Technology, Boston, Mass., from which he was graduated 
in 1886. He then served as apprentice in the New York Central Rail- 
road shops, finishing as toolmaker and draftsman. From 1889 to 
1893 he was master mechanic of the Howard Mills, Charlestown, 
Mass. He next served about two years in sales and inspection work 
with the Richmond Radiator Company, of Norwich, Conn. 

In March, 1895, Mr. Howell began work in the Sales Department 
of the American Radiator Company. He was made sales manager 
of the Buffalo branch two years later and early in L898 was trans- 
ferred to the Michigan plant, at Detroit, as assistant manager. He 
was made manager of the Bond plant, at Buffalo, N.Y., in June. 
1902, and continued there until early in 1905, when he was appointed 
superintendent of the eastern branches. Two years later he was 
advanced to the position of assistant general manager of sales, in 
which work he was engaged until the fall of 1913, giving part of his 
time to eastern and part to western branches. 

During the next fifteen years Mr. Howell. was director of the 
company’s Institute of Thermal Research at Buffalo. He was 
brought into the executive offices of the company in New York in 
1928 as technical adviser. 

Mr. Howell joined the A.S.M.E. as a member in 1901 and had 
served it most usefully as a member of the Boiler Code Committee 
since 1927. He had also been a member of the Boiler Code Sub- 
committee on Heating Boilers since 1927, and its chairman since 
1930. He had represented the National Boiler and Radiator Manu- 
facturers’ Association on the Sectional Committee on Standardiza- 
tion of Pipe Threads since the reorganization of the committee in 
1927, and had been an alternate representative of that association 
on the Sectional Committee on Standardization of Foundry Equip- 
ment and Supplies since 1931. 

Mr. Howell was also a member of the American Society of Heating 
and Ventilating Engineers, and was active on many of its technical 
committees. He also served for some time on the Committee on 
Heat Transmission of the National Research Council, and was a 
member of the American Gas Association, and Engineers’ Club, 
New York. He was a member of the War Industries Board during 
World War I. He was the author of many papers on warming, 
humidifying, cleaning, and circulating air, involving all fuels, ap- 
paratus, and component instruments relating thereto. 

Mr. Howell's first wife was Mary White, a school teacher and 
daughter of the mayor of Buffalo. Following her death Mr. Howell 
married Anne Suhler, of Port Huron, Canada, in 1898. Her death 
occurred not long after that of Mr. Howell. Surviving him were a 
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brother, Joseph Howell, of Salt Lake City, Utah; a sister, Mrs. 
Lenora Povey, of Camden, N.J.; and a niece, Mrs. Jessie L. Roe, 
and a nephew, Edwin H. Stickney, both of New York. 


EDWARD WILLIS JOHNSON (1860-1934) 


Edward Willis Johnson, son of Willis and Sarah (Castle) Johnson, 
was born on September 29, 1860, in Waterbury, Conn., and died in 
that city on November 9, 1934. He was survived by his widow, Har- 
riet Johnson, and by one daughter, Sarah Castle (Mrs. Oscar) Stahl, 
of Waterbury, and also by two grandsons, Judson and Thomas 
Beardsley. 

Mr. Johnson attended the Waterbury schools and served an ap- 
prenticeship as a toolmaker and machinist under his father from 
1876 to 1881, subsequently working in the shops until 1884. During 
the next seven years he was chief engineer for the Parrot Silver & 
Copper Co., Butte, Mont., manufacturers of metal goods, then for 
a short time was superintendent of the Livonia Salt & Mining Co., 
Livonia Station, N.Y. He returned to Waterbury about 1893 and 
for many years was superintendent of the Waterbury Gas Light 
Company. He was superintendent of the city water department for 
a time and also served as building engineer for the board of education 
for several years. 

Mr. Johnson had been a member of the A.S.M.E. since 1892, and 
belonged to the Masonic fraternity and Knights Templar. 


EDWARD 8. KNISELY (1873-1937) 


Edward 8. Knisely, retired from active duty with the Bethlehem 
Steel Company at the close of 1928, after having been with that 
organization since 1890, died at the Johns Hopkins Hospital, Balti- 
more, Md., on July 9, 1937. He was survived by his widow, Bertha 
C. (Cramer) Knisely, whom he married in 1899. 

Mr. Knisely was born at Bethlehem, Pa., on October 15, 1873, son 
of John M. and Kmma Knisely. He attended the local grade and 
high schools and studied mechanical engineering for three years at 
Lehigh University, while securing practical training as a machinist 
at the Bethlehem Steel Company. His early years with the com- 
pany included drafting room and shop experience, testing and in- 
spection of material, and the reorganization of the shops on a bonus 
system under the direction of Taylor and Gantt. 

Then in 1905, after several years of training in estimating and 
other duties connected with sales, he was put in charge of the Pitts- 
burgh sales office. Three years later he was appointed western sales 
representative, with office in Pittsburgh, where he remained until 
transferred to the general office at Bethlehem as general manager of 
sales, in 1915. In July 1927, he was made vice-president in charge 
of sales and a year later given the title of assistant to vice-president 
with special duties. 

Mr. Knisely had been a member of the A.S.M.E. since 1906 and 
also belonged to the American Iron and Steel Institute, the Penn 
Athletic Club and Manufacturers Club, Philadelphia, Pa., Bethlehem 
Club and Saucon Valley Country Club, Bethlehem, Duquesne Club, 
Pittsburgh, and Northampton Country Club, Easton, Pa. 


CARL AXEL LAGER (1869-1939) 


Carl Axel Lager, president of the Morris Machine Works, Baldwins- 
ville, N.Y., designer of pumping machinery, steam engines, and hy- 
draulic dredges, died at his summer home in the Adirondacks on 
July 17,1939. Mr. Lager had been ill for two years and his death was 
hastened by a paralytic stroke. 

Mr. Lager was born in Stockholm, Sweden, on November 23, 1869, 
son of Wilhelm and Sophia Lager. He lost his parents while quite 
young, and came under the guardianship of his uncle, General Wal- 
gren of the Swedish army. Upon graduation from a Swedish tech- 
nical school, and with shop experience in Sweden, he came to the 
United States in 1888, became a draftsman and foreman for the 
Alsing Company of Brooklyn, N.Y., and afterward was employed 
by Henry R. Worthington in Brooklyn. He began work at the 
Morris Machine Works in September, 1889, as draftsman and de- 
signer, and advanced successively to chief engineer, vice-president, 
general manager, and in 1935 to the office of president. There was 
in 1892 a break of several months in the continuity in his service, 
when he went to the C. W. Hunt Company of Staten Island, N.Y., 
only to be re-employed by Morris at a substantial salary increase. 

Mr. Lager made extensive improvements in pumping machinery 
for waterworks, sewage plants, drainage systems, dry docks, mines, 
and dredges in the United States and in other countries. There is 
scarcely a seaport, a canal, or a navigable river in the United States 
where dredges of his design have not been an important factor in the 
digging and maintenance. On the New York State Barge Canal 
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alone, he designed eleven of the twenty hydraulic dredges used in 
construction, and he was further consulted in the design of five of the 
dredges used for maintenance after the construction work was com- 
pleted. Mr. Lager also designed two 48-in. Morris pumps for self- 
loading hopper dredges used in deepening the Ambrose Channel 
and the channel into New York Harbor. No other dredge pumps 
with discharge larger than 42-in. had ever been built in this country 
or abroad up to that time. He held patents on several types of 
centrifugal pumps and special features on such pumps. 

Veteran Morris employees relate many incidents about Mr. Lager’s 
capacity for work and about the precision which he put into every 
effort. For many years he could be found at his desk many evenings 
of the week, and the cheerfulness and energy with which he ap- 
proached a strenuous undertaking were an inspiration to his fellow 
workers. Among other things, Mr. Lager had such a keen sense 
of proportion that from his freehand sketches a draftsman could 
develop accurate detail drawings without other instructions. 

Mr. Lager became a naturalized citizen of the United States in 
1896. He was elected a junior member of the A.S.M.E. in 1893 and 
a member in 1925. He was also a member of the Technology Club 
of Syracuse, N.Y., and the Baldwinsville Kiwanis Club. His wife, 
Therese (Clary) Lager, a native of Baldwinsville, whom he married 
in 1898, died in 1933. He was survived by a brother, Oscar Lager, 
of Philadelphia, Pa., and a sister, Mrs. Olga Ohlson, of Rochester, 
N.Y. 


MALCOLM MARK LIBBY (1878-1937) 


Malcolm Mark Libby, whose death occurred on August 5, 1937, 
at the Ring Sanatorium, Arlington, Mass., after an illness of several 
weeks, was born in Waterloo, Shefford County, Province of Quebec, 
Canada, on June 29, 1878, the fifth child in a family of seven. His 
parents were Mark and Hester Ann (Lawrence) Libby. His father 
died when he was seven years old, and his mother in 1904. One 
brother, Selwyn James, and a sister, Lucy, both of whom reside in 
Hemet, Calif., were his only close surviving relatives. 

Mr. Libby attended high school in Fitchburg, Mass., and also 
secured some early engineering experience working in the rolling mill 
of the Simonds Machinery Company there in 1894. A scholarship 
enabled him to enter upon the mechanical engineering course at 
Worcester Polytechnic Institute, Worcester, and in addition to train- 
ing in the Washburn Shops during his course, he helped to defray 
expenses by working during the summer of 1897 for the Washburn & 
Moen Manufacturing Co. in the carpenter and repair shops at its 
North Works. The summer of 1899 was spent with the Cowdry 
Machine Works, Fitchburg, on woodworking machinery and shells 
for the U.S. government. 

After receiving his B.Sc. degree in mechanical engineering in 
1900, Mr. Libby was employed for a time as draftsman for the Sul- 
livan Machinery Company, Claremont, N.H. He returned to 
Worcester early in 1901 and for about two years was chief engineer of 
the State Mutual Building, while studying electrical engineering 
at W.P.I. He obtained a B.Sc. in that subject in 1903. After his 
mother’s death he went to California and for some years was located 
on the Pacific Coast and in Canada. 

His first recorded work on the Coast was with Edward C. Jones, 
chief engineer of the Gas Department of the California Gas & Electric 
Corp., San Francisco, during the construction of the Martin Station 
gas plant in 1904-1905. The following spring he was recalled to assist 
in the restoration of gas distributing systems of San Francisco and 
Santa Rosa, after the earthquake and fire. Subsequently he was 
engaged as engineer and constructor, in connection with designing, 
estimating, and installing power plants, by the Tracy Engineering 
Company, of San Francisco and Los Angeles. Next he was engineer, 
in 1908-1909, for the Engineering & Maintenance Co., San Francisco, 
agents for Crocker-Wheeler electrical apparatus, and in 1910 he 
spent about six months superintending the construction of an addition 
to the plant of the Noble Electric Steel Company and rebuilding a 
steel pier near Cliff House for the Mutual Engineering Company, 
San Francisco. For a year beginning in November, 1910, he was 
connected with the Canadian Fairbanks Company, of Toronto, first 
as sales manager of its Gas Engine Department, and later in con- 
struction work. 

In 1912 Mr. Libby went to Edmondton, Alberta, Canada, where he 
carried on a consulting practice for several years. While there he 
took a course in geology at the University of Alberta. In January, 
1915, he was engaged as industrial fuel engineer and traveling sales- 
man by the Canadian Coal & Coke Co., of Edmondton, and he 
continued in that work until the spring of 1916. In the fall of that 
year he entered the Harvard Graduate School of Business Administra- 
tion, where he secured a B.M.A. degree in 1918. Subsequently he 
was cost engineer, and assistant to the factory superintendent, of 
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the Reed & Prince Manufacturing Co., Worcester, until the early 
part of 1920, and he was instructor in mechanical engineering at 
W.P.I. for the year 1920-1921. Later he was connected for a time 
with the Charles H. Tenney Co., Boston, Mass., and during the 
remainder of his life did occasional work as a consultant and designer. 

Mr. Libby became a junior member of the A.S.M.E. in 1902, was 
advanced to the grade of associate three years later, and was elected 
a member in 1909. He was a Mason and a member of the Friends’ 
Church, Worcester. He was unmarried and during the last fifteen 
years of his life resided in Somerville. 


ALFRED LOVELL (1851-1939) 


Alfred Lovell, who retired in 1935 after many years of consulting 
practice in Philadelphia, Pa., died at his home in Millbourne, Upper 
Darby, Pa., on May 25, 1939. 

A native of West Boylston, Mass., where he was born on Christmas 
Day, 1851, son of Adison and Jane (Greenwood) Lovell, he secured 
his engineering education at Worcester Polytechnic Institute. Fol- 
lowing his graduation in 1873 with B.S. and E.E. degrees, he had a 
wide experience in teaching, surveying, and construction and opera- 
tion of various types of plants. 

His teaching experience, at recurring periods during the years 
1875-1879, was as instructor in charge of mechanical and freehand 
drawing in the high and evening schools in North Adams and Pitts- 
field, Mass. His surveying and construction work ranged from Mas- 
sachusetts and Rhode Island west to Tacoma, Wash. He was associ- 
ated in civic work with the city engineer of Fitchburg, Mass., and the 
county surveyor of Omaha, Neb.; was engineer and designer of equip- 
ment for George M. Mowbray, manufacturer of explosives, North 
Adams, and later had charge of construction and operation for the 
Judson Powder Company and Atlantic Dynamite Company, Kenvil, 
N.J.; directed construction of railway shops, viaducts, dikes, and 
bridges for the Northern Pacific Railway Company in Montana, 
Idaho, North Dakota, and Washington, and was associated with that 
road for seven years and with the Atchison, Topeka & Santa Fe 
Railway Co. for five years in tests, motive power, and the construction 
and operation of mechanical equipment. His consulting work was 
principally in mechanical and railroad equipment lines, including 
efficiency studies of motive power and machinery, the development 
of special devices, the examination and report of properties, and the 
inspection of materials, structures, and rolling stock. 

Mr. Lovell had been a member of the A.S.M.E. since 1899. He 
also belonged to the American Society for Testing Materials and 
several other engineering groups. His widow, Angeline A. Lovell, 
whom he married in 1878, survived him. 


FREDERICK WILLIAM MAHL (1866-1939) 


Frederick William Mahl was born on July 21, 1866, in Louisville, 
Ky., and received his early education in the public schools there and 
at Stevens High School, Hoboken, N.J. He served an apprenticeship 
as a machinist with the Chesapeake & Ohio R.R., at Richmond, Va., 
and Huntington, W.Va., from 1886 to 1888, at the same time pursu- 
ing private studies preparatory to attending Sibley College, Cornell 
University. Here he took a special course in locomotive construction 
and in the mechanical laboratory, upon the completion of which in 
1889 he entered the drawing room at the Schenectady (N.Y.) Loco- 
motive Works. He had charge of the preparation of drawings for 
locomotives until December, 1891, when he was appointed inspector 
for the Works. He continued in this position for about two and one- 
half years. 

During the remaining years of Mr. Mahl’s active participation in 
engineering work he was associated with the Southern Pacific Com- 
pany and other railway systems. He began as an inspector of works 
in the Motive Power Department of the Southern Pacific, but soon 
became mechanical engineer in charge of the design and standardiza- 
tion of equipment and was engaged in that work at Sacramento and 
San Francisco, Calif., until 1906. He was next appointed mechani- 
cal engineer and general purchasing agent for the Colorado & 
Southern Ry., at Denver, Colo., and three years later assistant to 
the director of maintenance and operation of the Union Pacific 
System and Southern Pacific Company, in which capacity he was 
located first in Chicago, IIl., and later in New York, N.Y. 

Early in 1913 Mr. Mahl was advanced to the position of director 
of purchases for the Southern Pacific Company and Southern Pacific 
Railroad of Mexico, at New York. With varying titles he continued 
with these roads, with headquarters either in New York or San Fran- 
cisco, until his retirement as general purchasing agent for the Southern 
Pacific in August, 1929. 

Mr. Mahl became a junior member of the A.S.M.E. in 1892 and 


amember in 1910. He was survived by his widow, Virginia E. (Stod- 
dard) Mahl, and by two sons and two daughters. His death oc- 
curred on June 28, 1939. He had resided in Berkeley, Calif., since 
his retirement. 


CHARLES REED MAIN (1885-1942) 


Charles Reed Main, son of Charles Thomas and Elizabeth 
(Appleton) Main, died at his home in Winchester, Mass., on August 
22, 1942. He was born in Lawrence, Mass., on February 10, 1885. 
When he was eight years old the family moved to Winchester, where 
he completed his public school work. He then entered Dartmouth 
College, from which he received a B.S. degree in 1907. His studies 
there included one year in the Thayer School of Civil Engineering. 
He spent the next two years at the Massachusetts Institute of Tech- 
nology, receiving the S.B. degree in the Department of Mechanical 
Engineering in 1909. 

Mr. Main’s devotion to each of the two higher institutions of 
learning to which he owed allegiance is shown by his membership 
on the Board of Overseers of the Thayer School of Civil Engineering 
for several years prior to his death and by a long record of service 
in connection with M.I.T. He was life secretary of the Class of 
1909; a member of the Executive Committee of the Alumni Council 
from 1918 to 1920; Council representative-at-large, 1921 to 1923; 
term member of the M.I.T. Corporation, 1923 to 1928; and chair- 
man of the national nominating committee of the Council from 1940 
until the time of his death. 

For two years following the completion of his college work Mr. 
Main was associated with his father as draftsman and inspector on the 
design and construction of industrial plants. In 1911 he went to 
Fresno, Calif., to serve as draftsman and field engineer for the Stone 
& Webster Construction Co. on the Big Creek hydroelectric develop- 
ment. The next year he took charge of the administrative work for 
his father’s western office at Great Falls, Mont., in connection with 
hydroelectric developments at Great Fails and Thompson Falls, 
Mont., for the Montana Power Company. Upon the termination 
of this work in 1915 he returned to the Boston office and during the 
remainder of his life was associated with the organization established 
by his father. He served many industries in a consulting capacity, 
among which were textiles, metal working, clothing, paper, and the 
chemical industries. He made many valuations and reports and was 
in charge of the design and construction of a number of manufacturing 
plants, including the Gillette Safety Razor Company in Boston and 
the Passaic Cotton Mills in New Jersey. He was also active in an 
administrative capacity in the corporation which was founded by 
his father, serving for fourteen years as treasurer and for a few years 
as president. 

Mr. Main was a loyal and active citizen of Winchester, serving 
as a member of the Finance Committee from 1919 to 1922, as select- 
man from 1922 to 1924, as a member of the Highland District School 
Building Committee in 1925, and of the Wyman School Addition 
Committee two years later. He was a member of the Board of 
Trustees of the Winchester Savings Bank and president of the Board 
of Trustees of the Home for Aged People. A 32nd degree Mason in 
the Scottish Rite bodies, he held membership in the William Park- 
man Lodge, A.F. and A.M., and in Aleppo Temple of the Mystic 
Shrine. 

Charles Reed Main became a member of the A.S.M.E. in 1915, 
the year in which his father was president of the Society. He was a 
member of the Standing Committee on Professional Conduct from 
1925 to 1928, and its chairman in 1928. He was also a member of 
the Executive Committee of the Boston Section from 1921 to 1924 
and its secretary in the last year of that period. He had served 
in various offices of the Boston esheae of Civil Engineers and was 
elected to its presidency in March, 1942. His clubs included the 
Engineers, Rotary, Exchange, and Dartmouth, in Boston; Calumet, 
in Winchester; and Appalachian Mountain Club. He was a mem- 
ber of the Chi Phi fraternity. 

Mr. Main married Rose R. Frost, of Santa Barbara, Calif., in 1913, 
and was survived by her and two sons, Charles T. Main, 2nd, and 
Samuel F. Main; a daughter, Doris, died in 1922 at the age of three. 
He was also survived by his sister, Alice A. Main, and his brother 
Theodore. 

Col. Frank M. Gunby, long associated with the Charles T. Main 
organization, characterizes Charles Reed Main as having had the 
same high standard of personal conduct as his father and as being 
thoughtful of others, friendly and livable, and loyal to all the work he 
undertook. Other tributes reflect these same estimates of him and 
speak of his modest, self-effacing manner, and of the great respect 
and affection in which he was held by those associated with him.— 
(Memorial prepared with the assistance of Cot. Frank M. Gunpy 
and Miss AGNes B. Bogsrap, secretary to Charles T. Main, Inc. | 
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CHARLES T. MAIN (1856-1943) 


Charles T. Main, who died on March 6, 1943, stood on the skyline 
of his time. He stood there as an engineer and even more so as a 
man, simple, dignified, sincere, and warmhearted. 

His interests were broad and his wish was evident that he wanted 
his world to be better for his having lived in it. He accomplished 
his wish. The president of the A.S.M.E., Ralph E. Flanders, when 
awarding him the A.S.M.E. Medal in 1935, called him ‘‘New Eng- 
land's best loved engineer.”’ 

Charles Thomas Main was born in Marblehead, Mass., on Feb- 
ruary 16, 1856. In 1813, his great-grandfather, as a boy, climbed the 
hill at the fort at Marblehead to watch the Chesapeake, carrying his 
father, capture the British ship, Shannon. Mr. Main was brought 
up in a mechanical and manufacturing atmosphere, being in and out 
of the local machine shop and the rope factory of which his grand- 
father was for many years manager. His own mother having di¢d 
when Charles was a very small boy, his grandmother took her place. 

His father was Thomas Main, Jr., a native of Marblehead, and 
his mother Cordelia Green (Reed) Main, of Plymouth, Mass. He 
married Elizabeth F. Appleton of Somerville, Mass., in 1883 (de- 
ceased in 1936), and they had three children, Charles Reed (deceased 
in 1942), Alice Appleton, and Theodore. 

He attended school in Marblehead in a building he described as 
one story wood with a door in one side, a platform for the teacher 
opposite, a stove in the middle, and wooden benches and desks for the 
scholars. Years after this building had been replaced by a modern 
school, Mr. Main “doubted if the instruction given in the new 
building is any more helpful than that given in the old building.” 

He was graduated from Massachusetts Institute of Technology 
in 1876 with the degree of S.B. in the department of mechanical 
engineering, borrowing the money for his last two years. This was 
the only money he ever borrowed. Emerging into a great depression, 
he taught for three years at Tech while taking advanced work. 

His alma mater was always close to his heart and he gave her 
years of service as president of the Alumni Association, life member 
of the Corporation, and member of the Executive Committee. He 
helped select several of her presidents. 

Engineering was his natural tool. He followed the principles 
of his forebears in working hard and long. One could not escape 
the impression that he was frictionless. Perhaps that accounts for 
his long and useful life. 

Mr. Main read and assimilated a variety of subjects. He enjoyed 
social contacts, and dancing in his younger years. He had imagina- 
tion and a keen sense of humor and usually had a good story to make 
a point clear or to relieve a tense situation. He was patient, tactful, 
and livable. 

After leaving Massachusetts Institute of Technology he spent the 
next twelve years in the mills at Manchester, N.H., and Lawrence, 
Mass. Starting at the age of twenty-five, he designed and con- 
structed mills and water and steam power plants for the reorganiza- 
tion of the Lower Pacific Mills, of which he became superintendent 
in 1887. 

The effects of this experience were reflected throughout his sub- 
sequent work, producing an unusually broad viewpoint embracing 
both engineering and manufacturing. He was an adept at learning 
both from books and from life. 

His mind worked as a philosopher's on technical subjects, resulting 
in much original thinking and pioneering in fields then little ex- 
plored. The study of industrial values, and in finding reasonable 
engineering means of measuring them so that businessmen could use 
them, especially interested him. 

In 1891, he presented to The American Society of Mechanical 
Engineers a paper (published in Trans. A.S.M.E., 1892, p. 140) 
entitled “‘Value of a Water Power,” in which he for the first time 
outlined the principles for determining the value of water powers. 
Even the methods of applying these principles, as given in this paper, 
are still in common use. This was the first of a series of papers 
bearing on this type of subject. These papers were so clear and simple 
that they are as basic now as when written. Highly valuable papers 
bearing on power production, costs, and application, on taxation, 
and on subjects vital to industry, were presented before various 
bodies, including the World Power Conference in 1924. 

In recognition of this work he had received, in addition to the 
A.S.M.K. Medal, the Desmond FitzGerald Medal of the Boston 
Society of Civil Engineers, the Association Silver Medal of the Na- 
tional Association of Cotton Manufacturers, and the honorary degree 
of Doctor of Engineering from Northeastern University (1935). 
He was selected to receive the New England award for 1943 from the 
Engineering Societies of New England. With characteristic mod- 
esty he thought more of whether his effort had been good than of the 
reward received. 


MEMORIAL BIOGRAPHIES RI1-59 


Mr. Main resigned as superintendent of the Lower Pacific Mills 
in 1892 and after a year in engineering and mill work in Providence, 
R.I., formed an association with Francis W. Dean under the name 
of Dean and Main, which continued until January, 1907. Sub- 
sequently Mr. Main carried on a nationally known business under his 
own name, incorporating it in 1926 with the associates he had de- 
veloped. He was president of the organization up to January, 1938, 
when his son, Charles, succeeded him to that office and he became 
chairman of the Board of Directors. . 

During all these years, from 1893 on, Mr. Main served not only as 
a consultant but also actively in the field of design and supervision of 
construction. He was charitable in his review of the work of others 
and sought their point of view, which contributed to his greatness as a 
consultant. 

His own early experience fitted him for covering a wide field in his 
later work and business, which over the years proved to be fortunate. 
At first the base load was textile mills. When this work slowed 
up, new fields had been entered upon, and problems in ether lines of 
industry, steam power, hydroelectric plants, etc., took up the slack. 

Among the more important projects for which he acted as engi- 
neer are the Wood Worsted Mills, probably the largest single manu- 
facturing building in the country when it was erected; water power, 
steam power, and other plants for many manufacturing establish- 
ments; sugar refining, soap manufacturing, rope and jute plants; 
a system of hydroelectric plants for the Montana Power Company, 
totaling about a quarter of a million kilowatts; hydroelectric plant 
in the Belgian Congo; manufacturing plants in Canada, India, and 
the Argentine; the engineering for the Boston Parcel Post Building 
and for the foundations for the Massachusetts Institute of Tech- 
nology; architect-engineer work for Camp Edwards on Cape Cod, 
the Mississippi Ordnance Plant and Camp McCain in Mississippi, 
and the Holston Ordnance Works at Kingsport, Tenn. He was 
among the earliest to adapt the practice of bleeding steam from power 
units for use in manufacturing, presenting a paper on this practice 
in I888. The cases on which he acted as consultant, expert witness, 
or arbitrator, are many. 

Mr. Main’s philosophy about his business was simple. Get the 
facts. Give to the client value received and more where possible. 
Pay employees all you can afford and put it in the pay envelope 
without frills. Reeognize good work on the part of individuals. 
Develop young men. Give the client your best advice. Then, if 
he wants something else, help him to get it. If he wants something 
unsafe he should go elsewhere. Be fair. 

He was a conservative and believed in keeping ample reserves 
from good times to tide over bad times. As a result he witnessed the 
commemoration in January, 1943, of the fiftieth anniversary of the 
founding of his business. 

Mr. Main felt his responsibilities as a citizen and was willing to 
do something about them. Notes by his friend and classmate, John 
R. Freeman, said about him, ‘Public offices have been that of alder- 
man at Lawrence, Mass., and proved so good an alderman that he 
had to make an earnest resistance on the plea of pressure of his duties 
to the Pacifie Mills, to escape being elected as mayor. Was trustee 
of the Lawrence Public Library and a member of the Lawrence 
School Committee.” 

After moving to Winchester, Mass., where he lived for fifty years, 
he was a member and chairman of the Water and Sewer Board for 
a long period. For his State he served on various commissions, 
ineluding the Committee on Water Resources and Board of Advisory 
Engineers to the Fuel Commission. He was a director of a savings 
bank in Winchester, and regularly attended its meetings. 

For the Congregational Church, of which he was a member, he did 
a great deal of work, but would never occupy a church office, saying 
that he could be more effective in other ways, such as heading com- 
mittees to select a pastor, build a parish house, and do various other 
things which came to hand. When a small boy he was the librarian 
of his Sunday School in Marblehead. 

He was a generous giver to charity, his alma mater, and his class 
fund to help invalids, always anonymously. He gave of both money 
and time. 

He was a member of many worthwhile organizations. Having 
studied mechanical engineering at college it was natural that his 
first society would be The American Society of Mechanical Engineers, 
of which he became a member in 1885. He served as manager of 
the Society for the term 1914-1917, was president the following year. 
He received the fifty-year membership badge of the Society in 1935, 
in which year the A.S.M.E. Medal was presented to him. He was 
elected a Fellow in 1936 and an Honorary Member in 1939. He was 
also president and honorary member of the Boston Society of Civil 
Engineers; president of the American Institute of Consulting 
Engineers; and a member of the American Society of Civil Engi- 
neers for more than thirty years. At the time of his death Mr. Main 
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was the oldest member of the National Association of Cotton Manu- 
facturers. He helped organize, and was president and honorary 
member of the Engineers’ Club of Boston. He was a member of 
several other scientific and social organizations, among them the 
Society for the Promotion of Engineering Education, the Newcomen 
Society of England, American Association for the Advancement of 
Science, American Academy of Arts and Sciences, and the United 
States Institute for Textile Research. 

Throughout his life he was young in mind and keenly interested 
in young men. He established for the A.S.M.E. the Charles T. 
Main Award for the best papers by Student-members on the general 
subject of the ‘Influence of the Profession Upon Public Life.” 

He always regarded engineering as a profession which must be on a 
high ethical plane. He rigidly applied his high standards of conduct 
to himself, but when applying them to others his great soul always 
remembered charity. While president of the Boston Society of 
Civil Engineers he drafted the first code of ethics adopted by one 
of our engineering societies. He also served on committees for 
codes of ethics for the A.S.M.E. and other engineering societies. 

During World War I he was adviser to the Construction Division 
of the Army, giving freely of his time and being consulted on many 
subjects. He refused to have his office considered for engineering 
work because one of his young associates was in the Construction 
Division. He was appointed on several boards by the Secretary of 
War, principally in connection with construction matters. 

At the request of the French Government, the American Engineer- 
ing Delegation, on which he represented the A.S.M.E., visited 
France soon after the Armistice to advise in connection with re- 
habilitation. 

In World War II his organization has been called on to do a large 
amount of important work and it was a matter of special satisfaction 
to Mr. Main to have this so. While he could not take an active 
part, he could look back on the broad problems of the previous war 
and give priceless advice. 

Mr. Main was a man of calm courage. To him ‘‘death was one of 
the natural phenomena of life,’’ and he expressed the hope that he 
would not long survive the loss of important faculties. He went to 
his office regularly until within two weeks of his death. 

About a month before his death he gave a dinner to his Associates, 
at which he read a message entitled ‘‘Seeds That Are Sown. Crops 
That Are Gathered.’’ This was a résumé of his life. It seems ap- 
propriate to quote part of his own summary. 

“It should be the aim of the engineer to render the best possible 
service considered in a broad sense. It should be based on facts and 
not theories or suppositions, and upon scientific laws, which if properly 
applied, will give satisfactory results. Nothing should be taken 
for granted, and the work or statements of others should be care- 
fully checked before being adopted. 

“The success of a man will depend upon his ability to produce 
results in an expeditious manner, which shall be accurate, and in 
which good judgment has been used, so that the finished product, if 
it be a physical structure, will be adapted to the use to which it is 
to be put and shall have been accomplished at a reasonable ex- 
penditure. If it be a plan for action, it shall be clear and concise and 
adaptable to the purpose for which it is intended. 

‘‘He should be able to understand men and to know them. He 
should be willing to share his knowledge with his fellow engineers, 
and inasmuch as he will do this through the society, or other similar 
means, his interests and outlook will broaden and the return to him 
will be multiplied. 

“Integrity and perseverance in work and business, and fairness 
and justice to all will, in the long run, count for more than brilliancy 
in attainments. Withal he must have a good stock of imagination 
and judgment, which is sometimes called ‘horse-sense,’ in the ap- 
plication of fundamental principles to every-day problems. 

“The true success of a man is not measured by the accumulation 
of money, but by the success of accomplishment of work which adds 
something to the general good for mankind and for the advancement 
of the profession.” 

That was his yardstick for measuring life. The effect of that 
yardstick on his own life is shown by the citation with which the award 
of the A.S.M.E. Medal was made. 

“For his professional achievements in the textile and other in- 
dustries and in engineering education; for his contributions to the 
literature on mill design, valuation of mill properties and water 
powers; for his eminent service and example to the engineering 
profession; and for his personality and character as evidenced by 
judiciousness, graciousness, and sincerity, which have endeared him 
to all who have been privileged to know him personally, as well as 
to those who have come to know and esteem him through his good 
works.’’—[Biography prepared by Cou. Frank M. Gunsy, with the 
collaboration of CLARKE FREEMAN, Mems. A.S.M.E.] 


DONALD McDONALD (1869-1937) 


Donald McDonald was born in Albany, N.Y., on July 26, 1869, son 
of William and Alida (Pangburn) McDonald and grandson of Donald 
and Margaret (Sloan) McDonald. His grandfather, a native of 
Inverness, Scotland, came to the United States in 1833 and settled 
in Albany, where in 1855 he founded D. McDonald & Co. to manu- 
facture gas meters. William McDonald was later president of the 
company and Donald, after attending grade and high schools in 
Albany, entered its employ at the age of seventeen. He was con- 
tinuously associated with the company and with the American 
Meter Co., Inc., of which it later became a subsidiary factory, until 
his death on October 8, 1937. 

In 1912 he was made general superintendent of the Albany plant 
and seven years later he was transferred to New York, N.Y., to take 
up general duties in the office of the company there. He was elected 
secretary and a director in 1922, and the year before his death also 
took the office of treasurer. 

Mr. MeDonald was familiar with all details of the construction and 
erection of meters for the measurement of gas in large volumes. He 
had built and installed meters at gas works all over the United States, 
and for many years retained general supervision of the field work of 
the company. He had also designed factory buildings of various 
types, laid out and installed power plants, and generally gave his 
attention to the engineering aspects not only of his particular business, 
but of related problems. Likewise, during his long association with 
the American Meter Company, manufacturers of both wet and dry 
gas meters and apparatus for the measurement and analysis of gas, 
he made many contributions to the administration of its affairs. 

An authority on positive displacement measurement, Mr. Mc- 
Donald contributed at various times to the literature on this subject. 
In 1904 he prepared a paper on “Station Meters” for presentation 
at the Congress of Gas Associations of America in St. Louis, during 
the Louisiana Purchase Exposition. For the fiftieth anniversary of 
the American Gas Journal in July, 1911, he wrote the paper, ‘Meters 
and Meter Makers.” 

He was particularly active in association affairs in the gas industry, 
taking part in the formation of both the American Gas Association 
and the Association of Gas Appliance and Equipment Manufacturers, 
and serving as treasurer and a member of the executive committee 
of the latter. He was president, 1932-1933, of the Society of Gas 
Lighting, and a member of the governing board of the Gas Appliances 
Institute. Under the national recovery administration, 1933-1934, 
he was chairman of the Gas Apparatus and Accessories Institute. 
He had also belonged to the Illuminating Engineering Society and the 
Empire Gas and Electric Association. 

Other engineering society affiliations included the A.S.M.E., of 
which he became a member in 1920, the Society of Engineers of 
Eastern New York, and the Engineers’ Club, New York. While a 
resident of Albany, he was vice-president and a director of the New 
York State National Bank, a director of the Union Trust Company 
and Mutual Fire Insurence Company, and a member of the Albany 
Chamber of Commerce (president, 1903-1906), and the Albany and 
Fort Orange Clubs, of Albany. During 1908-1910 he was a member 
of the New York State Civil Service Commission and during Ameri- 
can participation in the first World War he acted as director of 
the military census of Albany County and chairman of the second 
American Red Cross drive in New York state. 

Mr. McDonald was also a member of the New York state board of 
trade, New York Merchants’ Association, St. Andrews Societies of 
New York and Albany, the Masonic order, and a number of clubs. 
In religion he was a Presbyterian, in politics a Republican. He 
enjoyed golf and as a hobby collected books, assembling a considerable 
library. ‘ 

Mr. McDonald married Sallie Miller Ramsdell, of St. Davids, Pa. 
in 1897, and was survived by her and two daughters: Marion, wife 
of John Van Norden, of Scarsdale, N.Y., and Margaret, wife of 
Charles Prescott Stewart, of Hartford, Conn.—[Based, in part, on 
a biography in The National Cyclopedia of American Biography, 
vol. 29, page 217]. 


WILLIAM HENRY McKIEVER (1865-1938) 


William Henry McKiever, president of the New York engineering 
and contracting firm bearing his name, died on August 3, 1938. He 
was born in the City of New York on August 27, 1865, the son of 
James and Mary (Gorman) McKiever. He attended St. Brigid's 
Academy in New York and continued his education in the city 
schools and at the Cooper Union, which gave him a B.S. degree in 
1898, and an M.E. two years later. He also took postgraduate 
studies at Columbia University. 

Mr. McKiever trained for steam fitting and machine work with 
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Baker, Smith & Co., Gillis and Geoghegan, Bonner and Van Court, J. 
G. White & Co., Ine., and other firms while pursuing his studies in 
evening classes. For some years he was connected with the Wells 
& Newton Co., New York, engaged in designing, estimating, and 
installing heating and ventilating plants. He left this company 
to establish himself independently in this field under the firm name 
of William H. McKiever, Inc., and was identified with the construc- 
tion of many public and private buildings in the metropolitan area. 

Mr. McKiever had been a member of the A.S.M.E. since 1900. 
He also belonged to the American Society of Heating and Ventilating 
Engineers, the Heating, Piping and Air Conditioning Contractors 
National Association, and Merchants’ Association of New York, Inc. 
For a number of years he was a member of the legislative and other 
committees of the Building Trades Employers Association. 

Mr. McKiever had served as president of the Cooper Union 
Alumni Association and had been active on many of its committees. 
For more than thirty years he was a trustee of St. Joseph’s Day 
Nursery, New York, and he was its president for several terms. He 
was also a consultor of the Xavier Alumni Sodality for many years. 
He had belonged to the Society of the Friendly Sons of St. Patrick 
since 1906 and it was at his suggestion that this society formed its 
Glee Club devoted to Irish music. 

Mr. McKiever married Marie Ouvrier, of Brooklyn, in 1910, and 
was survived by her. 


CHARLES WOODBURY MELCHER (1857-1939) 


Charles Woodbury Melcher, formerly secretary of Ingersoll- 
Rand, Ine., died at his home in Homosassa Springs, Fla., on June 29, 
1939. 

Mr. Melcher was born at Boston, Mass., on March 4, 1857, son of 
Samuel Henry and Martha Ann (Ranlet) Melcher. Part of his early 
education was obtained at Laconia, N.H., where he attended Guilford 
Academy, and part in public schools in St. Louis, Mo. He was 
graduated from Washington University, at St. Louis, in 1879 with 
an M.E. degree. During the next few years he was employed as 
draftsman by Edward C. Darley, blast furnace and rolling mill 
engineer, St. Louis; and as assistant engineer at the Laclede Rolling 
Mills, St. Louis, St. Louis Furnace Building & Construction Co., and 
Crystal Plate Glass Co., Crystal City, Mo. 

About 1883 Mr. Melcher began to serve as manufacturers agent 
for rock drills, air compressors, hoisting machinery, etc., at St. Louis. 
By 1890, when he became a member of the A.S.M.E., he had estab- 
lished the Charles W. Melcher Machinery Co., St. Louis, of which 
he was president, and was practicing as consulting engineer and was 
manager of the Southwestern Branch office of the Ingersoll-Sergeant 
Rock Drill Company. He was also treasurer of the Engineers Club 
of St. Louis at this time. 

The Ingersoll-Sergeant company called upon Mr. Melcher to 
become manager of its Chicago branch in 1894, and he continued 
in that position with its successor, the Ingersoll-Rand Company, 
until 1910, when he was made secretary and general manager of the 
company. He relinquished the duties of general manager in 1920, 
continuing as secretary of the company and its successor, Ingersoll- 
Rand, Inc., until his retirement in 1931. 

Mr. Melcher was also a member of the Western Society of Engi- 
neers, and Engineer's and Union League clubs, Chicago. He belonged 
to the Illingis Commandery of the Loyal Legion. He served in the 
Home Guards in Hinsdale, Ill., during World War I. 

Mr. Melcher’s first wife, Anna S. Binney, of Amesbury, Mass., 
whom he married in ISS1, died in 1920. Their children were Alice 
Fk. (Mrs. Harold St. C. Macmillan), Emily B. (Mrs. Charles E. 
Graves), Austin G., and Woodbury R. Melcher. His second mar- 
riage was to Mrs. Lotta T. Cleveland, of Downers Grove, IIL, in 
1925. Mrs. Melcher wrote that he was interested in photography and 
woodworking, and ‘‘was particularly devoted to all outdoor pastimes. 
For many years he was a member of the Chicago Prairie Club and 
went with them on two of their western outing trips when he camped 
and took long hikes over mountain trails with the younger members. 
At the age of sixty-three he climbed to the top of Mt. Hood, 11,000 
ft, and at the age of seventy he climbed to the top of Mt. Le Conte, 
6,800 ft high. In 1928 he putchased a tract of jungle land in Florida, 
and with the keen vision of the engineer, took great pleasure in hewing 
out a home site. Then followed building the house, planning for 
materials and overcoming the many difficulties that arise when 
building in such a location. He was his own contractor, and the 
various obstacles were but problems in engineering to him. 

“One room in the finished house he used as a workshop and to the 
day that he died, in this room he continued to make and plan for the 
home that he loved. 

“He was especially interested in young men and never failed 
to hold out a helping hand to one trying tolearn. I did not know him 
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in his younger days, and it was a constant marvel to me to see how 
many men came to renew his acquaintance who said to me: ‘Mr. 
Melcher was my first boss and I'll never forget what he did for 
me.’ 

‘He made no great gifts, but according to his means he gave liber- 
ally to boy’s clubs, welfare projects, and his church. He belonged to 
the Mazama Club of Portland, Ore., for some years, and delighted in 
joining in their mountain hikes.”’ 


RAYMOND OTTO MERCNER (1893-1939) 


Raymond Otto Merener, design engineer, Research Department, 
Bell Telephone Laboratories, Inc., New York, N.Y., died at his 
summer home in Avon, N.J., on July 2, 1939, of a coronary throm- 
bosis. 

Son of Otto and Albertina Merener, he was born in Philadelphia, 
Pa., on December 30, 1893, and lived in that city until 1915. After 
leaving high school he was employed as a machinist by the Keller 
Manufacturing Company, General Electric Company, and Simplex 
Engine Company, during the years 1908-1911, and as a draftsman 
by the Electric Storage Battery Company for the next four years. 
He attended evening classes at Temple University and The Franklin 
Institute in Philadelphia, and later took further technical training 
at Pratt Institute and the Polytechnic Institute of Brooklyn. 

He was draftsman for the National Meter Company, Brooklyn, 
for a short time in 1915, after which he entered the Bell System as a 
draftsman with the New York Telephone Company. In 1916, ac- 
cording to a record of his work published in the Bell Laboratories 
Record, August, 1939, ‘‘he joined the Engineering Department of the 
Western Electric Company where, with the apparatus and research 
drafting groups, he engaged in the designing of telephone apparatus. 
In 1919 he transferred to the Physical Research Department and par- 
ticipated in the development of vacuum tubes and radio equipment. 

“Since 1922, Mr. Mercner had been in charge of design and draft- 
ing work in the Research Department. This work involves ap- 
paratus used in research studies pertaining to teleph, .ne transmission, 
such as transoceanic telephone transmitters and re:-eivers, telephoto 
picture machines, television equipment, submarije cable terminal 
equipment, and also apparatus used in the tele, tione plant. Fre- 
quently the design of such equipment concerns ng: only the question 
of operation but also that of protection of humay life, such as in the 
case of high-voltage rectifiers, radio transmitters{ high-speed machin- 
ery and chemical apparatus. For the design off nuch of this type of 
equipment Mr. Mercner was largely responsibg- and many valuable 
design features originated with him.” 

Mr. Merener became a junior member of 
He resigned in 1924, and was reinstated as a1 
belonged to the Masonic order. : 

Surviving Mr. Merener were his widg 
and a daughter, Helen Leah, of Westfield, } 
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THEODORE T. MERSERE, 


Theodore T. Mersereau was born at, 
1860, son of Theodore L. and Adeline (T 
his schooling in Lindley, then attenc 
Academy. At the age of seventeen he 
ist with Thomas & Co., New York, } 
had a year’s shop experience with IN Graham & Co., Rochester, 
N.Y., and in 1881 went to sea, wh¢r} ‘he spent the greater part of 
ten years. He went through all grat) ;, becoming chief engineer of 
ocean steamers. During this perid{'.e was guarantee engineer for 
Thebaud Brothers in Mexico for a 2 

From 1891 to 1895 Mr. Mersere;,; was assistant to Joshua Rose 
(Mem. A.S.M.E., mechanical engi;.eerj;:g editor and writer), and 
subsequently he was engaged for three gears in power station work 
for the Brooklyn Rapid Transit. In ys98 he became assistant in- 
spector of steam vessels, Port of Newyork, for the Steamboat In- 
spection Service of the U.S. Depart yt of Commerce, and after six 
months was appointed inspector. 

Mr. Mersereau left the U.S. Steg yeoat Inspection Service about 
1908 to become associated with a'%zi,00l of Instruction for Marine 
and Stationary Engineers and engi ering civil service examinations, 
established in New York in 1904% Thomas H. Barrett. He also 
carried on a business as mechan 34! engineer and expert in marine 
work and as engineer surveyor. ..7" 

In March, 1914, he was empl, ed by the Department of Public 
Works, State of New York, as yipector of boilers and engines. His 
title was changed on July 1, 1%.) to inspector of marine boilers and 
engines. He retired a year later. 

Mr. Mersereau had been a member of the A.S.M.E. since 1905. He 
belonged to the Phoenix Association No. 24, New York, of the Na- 
tional Association of Power Engineers, and to the Marine Engineers’ 
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Beneficial Association No. 33, New York, of which he was an active 
member until September, 1937, when he was granted honorary mem- 
bership. He was also a member of the American Power Boat As- 
sociation and served on its Legislative and Legal Committee. 

Mr. Mersereau died of a heart ailment on December 9, 1937, 
in St. Petersburg, Fla., where he and his wife, Lizzie G. (Cope) Mer- 
sereau, were spending the winter. After his retirement they con- 
tinued to live in Albany for a time, and subsequently were in Wood- 
bridge, N.J.—-[Biography compiled from best obtainable information, 
not all of which could be verified. ] 


FRANK HAMILTON METCALF (1868-1938) 


Frank Hamilton Metcalf, president of the Farr Alpaca Company, 
Holyoke, Mass., died at his home in that city on January 11, 1938, 
of coronary thrombosis. 

Mr. Metcalf was born at Hamilton, Ont., Can., on October 9, 
1868, son of Joseph and Clara (Farr) Metcalf. The family moved 
to Holyoke when he was six years old and he attended the public 
schools there and studied for two years at the Worcester Polytechnic 
Institute. He then began work with the Farr Alpaca Company, 
which was incorporated in 1873 by his father, his brother-in-law, 
Herbert M. Farr, and D. H. Newton, a Holyoke builder, to manu- 
facture worsted cloth. After he had become familiar with all phases 
of the business he was put in charge of the erection of mills and 
installation of power and mill machinery. Later he served as super- 
intendent of the Dyeing and Finishing Department, assistant general 
manager, and assistant treasurer. He succeeded his father, who died 
in 1916, as treasurer, and in 1924 was elected president of the com- 
pany. He retained also the office of treasurer until early 1936, when 
his nephew, Donald R. Green, took over that position. 

Mr. Metealf was also president of the Holyoke Valve & Hydrant 
Co. and a director of the Springfield Safe Deposit & Trust Co. and the 
Morris Plan Company of Holyoke. He was a director of both the 
Holyoke Hospital and its Endowment Fund, as well as of the Clark 
School for the Deaf, at Northampton, Mass. He served on the 
Holyoke Board of Fire Commissioners for five years, four years as 
chairman, was a member of the Chamber of Commerce of Holyoke, 
director of the Home Market Club and American Tariff League, 
and belonged to the Mt. Tom Golf Club, Colony Club, Springfield, 
Masonic fraternity, Society of American Military Engineers, and An- 
ecient and Honorable Artillery Company of Massachusetts. He had 
been a member of the A.S.M.E. since 1910. 

\ lover of outdoor life and sports, Mr. Metcalf was widely recog- 
viged as a student of Connecticut Valley geology. In 1885 he pub- 
lished an ornithological journal called ‘Our Birds,”’ and he presented 
a fine duck habitat case to the Holyoke Museum. He was a mem- 
ber of the Sans Souci Club, forerunner of the Holyoke Canoe Club, 
which he helped to establish. Baseball was one of his hobbies, and 
he played on the Farr Alpaca team. 

Mr. Metealf’s nearest surviving relative was his daughter, Kather- 
ine (Metealf) Allen. His wife, Mabel A. (Warner) Metcalf, whom 
he married in Northampton in 1894, died in 1930. His sister was 
the wife of Addison L. Green, chairman of the board of the Farr 
Alpaca Company. A brother, Howard, who was agent for the 
company, died in 1927. 


EDMUND G. MUNSON (1876-1939) 


Edmund G. Munson, whose death occurred on February 24, 1939, 
in Utiea, N.Y., was born in that city on August 12, 1876, son of 
Counteil and Adela (Gibson) Munson. His early education in the 
Utica schools was supplemented by private instruction in mathe- 
maties, mechanics, and drafting. He secured practical experience in 
shop work with the Munson Bros. Co., Utica, and the Garvin Ma- 
chine Co., New York, N.Y. He then worked for about a year in the 
office of the Bacchus Engine Company. 

In the early part of 1897 he took the position of superintendent of 
the Munson foundry, arfd three years later he was advanced to the 
-uperintendency of the entire plant. During the following years he 
designed nearly all the new machinery manufactured by the company 
and drew plans and specifications for a variety of structural work con- 
tracted for by it. Flour-mill and grain-elevator machinery, water 
wheels, and mechanical power transmission machinery were special- 
ized in by the company. After serving for a time as secretary, Mr. 
Munson was made vice-president and general manager, and held 
those positions until 1915. 

During the next fifteen years Mr. Munson operated a foundry and 
nachine shops in Utica as his own business, giving special attention to 
structural steel building construction. Subsequently he was struc- 
tural engineer for the McCoy Iron Works, Utica, and in 1933-1934 
plant engineer for the Skenandoa Rayon Corporation of the same city. 
He had not been active in business since that time. 


OF THE A.S.M.E. 


Surviving him were his widow, Grace L. (Kernan) Munson, whom 
he married in 1917, and their son, Kkdmund G. Munson, Jr. 
Mr. Munson had been a member of the A.S.M.E. since 1908. 


JOHN WALLACE PAUL (1860-1935) 


John Wallace Paul, of Newark Valley, N.Y., who died on May 23, 
1935, was born on March 22, 1860, at Wakefield, N.H., son of Na- 
thaniel and Elvira Haven (Moses) Paul. He attended the local 
public schools and academy and the Bryant and Stratton Business 
College, Boston, Mass., and then took technical courses at the Rhode 
Island School of Design, Providence, R.I., and served as general 
machinist at the Rhode Island Locomotive Works, Providence, from 
to ISS3. 

During the next two years he was employed by the Wardwell 
Sewing Machine Company at Woonsocket, R.1., and from then until 
the spring of 1S87 was machinist and toolmaker with the Campbell 
Machine Company, Pawtucket, R.I. He was next connected with 
the Brown & Sharpe Manufacturing Co., Providence, as toolmaker, 
until the beginning of 1890, when he went to Erie, Pa., to become 
superintendent of machine shops for the Lovell Manufacturing Com- 
pany. He continued in that position until the spring of 1892, then 
engaged in the design of special tools for the Metric Metal Company, 
of Erie, for about a year. In September, 1893, he went to Balti- 
more, Md., as toolmaker for the Mergenthaler Machine Company, 
but returned to the Metric Metal Company as chief draftsman in 
August of the following year and continued there until October, 1895, 
when he became superintendent of the manufacturing department 
of the Blickensderfer Manufacturing Company, Stamford, Conn., 
manufacturing typewriters. 

Mr. Paul resigned from Blickensderfer’s in 1898 and immediately, 
on April 1, became superintendent of the Daugherty Typewriter 
Company, of Kittanning, Pa., which later was known as the Pittsburgh 
Writing Machine Company. He was very successful in training the 
men and reducing the cost of production for the company and by 
September, 1900, had made twenty-one improvements on the ma- 
chine and obtained several patents. In 1904 he designed a new 
model, for which he obtained eight patents. He continued with the 
company until September, 1909. During 1910 he was employed at 
the largest wireless station in the world, at that time, located at Brant 
Rock, Mass. In January, 1911, he went to Groton, N.Y., as super- 
intendent of the Standard Typewriter Company, and about 1913 
returned to Kittanning to look after some business interests there. 

Anxious to serve in World War I, Mr. Paul tried to enlist in the 
Corps of Engineers but was not accepted because of his age. He 
closed up his business in Kittanning and went to Ilion, N.Y., where 
he was engaged in the drafting department of the RemmMgton Rand 
Gun Company. Later he transferred to the Willys-Morrow Plant, 
at Elmira, N.Y., in order to be nearer to his home, and was there 
until the close of the war. After that he was with the Brewer- 
Tichener Corporation, of Cortland, N.Y., for several years. 

In May, 1922, he purchased a drugstore in Newark Valley, but 
found that the work kept him indoors too closely, so after a few years 
he sold it and leased the building for five years, retiring to his home 
in Groton. When the lease expired the tenant moved, and being 
unable to sell the property, Mr. Paul put in a small stock of goods and 
continued in the business until his death. 

Mr. Paul became a junior member of the A.S.M.E. in 1895 and a 
member the following year. He was an ardent Mason and had been 
a 32nd degree member of the order for thirty-three years. He was 
also a Shriner. 

Mr. Paul was twice married, his first wife being Carrie Isabelle 
Hotchkiss, of North Smithfield, R.1., a writer and poetess. She 
died in 1894 in Baltimore, while he was located there. In 1905 he 
married Nancy Rosine Findley, of Kittanning, and he was survived 
by her and by a brother, Louis Paul, of Providence. 


JOSEPH PEYSER (1886-1938) 


Joseph Peyser, president and owner of the Peyser-Hansen Machine 
Company, Inc., Mt. Vernon, N.Y., designers and builders of special 
machinery, died from a cerebral hemorrhage on April 4, 1938. He 
had specialized in the development of automatic machinery for the 
canning industry for many years. 

Mr. Peyser was born in New York, N.Y., on December 31, 1886, 
son of Charles and Carolina (Bornstein) Peyser. His technical 
schooling was secured principally at the Hebrew Technical Institute 
and Mechanics Institute, New York. Among his early employers 
were the Nathan Manufacturing Company, American Can Company, 
and Max Ams Machine Company, all of New York. Engaged as a 
machine designer by the last two companies during the years 1910 
1916, he had made a special study of closing machines for sanitary 
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cans, and after starting his own business under the name of the 
Westchester Machine Company in 1916, he perfected a machine for 
this purpose. The patents for this machine, which he described as 
being ‘‘made to double seam tops on sanitary cans coming from the 
filling machines, brim full without spilling any of the contents and 
automatically sealing same at a high rate of speed,” were sold in 1919 
to the Wheeling Can Company, subsidiary of the Whitaker-Glassner 
Company, of Wheeling, W.Va. 

Mr. Peyser established the Peyser-Hansen Machine Company 
early in 1920. In a letter addressed to the A.S.M.E. not long after- 
ward he said: ‘‘Among a few of the other machines I have designed 
are an automatic tomato peeling machine which would peel tomatoes 
by exploding the skin under a steam pressure which would peel and 
core tomatoes at the rate of 120 per minute; this machine weighed 
approximately two and a half tons; a dough mixer which would 
handle about three-quarters of a ton of dough at one time under an 
air pressure of 100 lb per sq in., requiring a 50-hp drive, machine 
weighing about eight tons; automatic rule-printing machines; auto- 
matic wire-forming machinery for high production; and various 
other special machines.”’ 

During the remainder of his life Mr. Peyser continued to invent 
and manufacture special machinery for the canning and packaging 
and other industries. He became an associate-member of the 
A.S.M.E. in 1922 and was automatically transferred to the grade of 
member in 1935. He belonged to the Kiwanis Service Club of Mt. 
Vernon and to the John Stewart Lodge of Masons. He was very fond 
of musie and an excellent violinist. 

Surviving Mr. Peyser were his widow, Henrietta (Blank) Peyser, 
whom he married in 1912, and three sons, Milton C., New Rochelle, 
N.Y., Paul J., Cornell University, Ithaca, N.Y., and Leonard F. 
Peyser, Tuckahoe, N.Y., a junior member of the A.S.M.E. since 
1938. 


CHARLES ANTIONETTE PICQUET (1920-1942) 


Charles Antionette Picquet was born in Augusta, Ga., on October 
25, 1920, the son of Judge Charles Picquet and Dora K. Piequet. His 
father, an attorney, died in 1922. After graduation from the Bryant 
High School in Long Island City, N.Y., he entered the College of the 
City of New York, where he received a B.M.E. degree in May, 1942. 
While attending college he helped defray expenses by working in the 
Physics Department. He was a member of the Pi Tau Sigma and 
Sigma Kappa Tau fraternities, and a student member of the S.A.I 
and A.S.M.E. He transferred to junior membership in the A.S.M.I 
following his graduation. 

Upon completion of his college course Mr. Piequet entered the 
employ of the Dowty Equipment Corporation, Long Island City, 
is a stress analyst in the Engineering Department, his duties involv- 
ing landing gear and hydraulic pumps for aircraft. He was killed 
on October 11, 1942, in Edgewater, N.J.. when he erashed into an 
iron fence while riding a tandem bieyele. 


JOHN PLATT (1864-1942) 


John Platt died in St. Barnabas Hospital, Newark, N.J., on April 
27, 1942, after a brief illness. Surviving him were his daughter 
Hilda (Mrs. Wilfred H. Wolfs), of Westfield, N.J., with whom he had 
made his home, and three sons, John, Jr., of Nutley, N.J., Robert, 
of Chicago, Ill., and Hugh, of Westfield. His wife was Mary Bourne 
Bartlett, of New Bedford, Mass., whom he married in 1891. 

Mr. Platt took the leading part in connection with the introduction 
of the marine steam turbine in the United States Navy and Merchant 
Marine, through his association with Sir Charles A. Parsons and The 
Parsons Marine Steam Turbine Company, Ltd., Wallsend-on-Tyne, 
ingland. 

Mr. Platt was born in Gloucester, England, on June 1, 1864, son 
of James and Elizabeth (Waddington) Platt. James Platt was a 
member of the well-known firm of Fielding & Platt, manufacturers 
of hydraulic machinery, and at one time mayor of Gloucester. 

John Platt’s early schooling was secured in Gloucester and he 
spent two years, 1886-1887, at the University College in London. 
\fter engaging in consulting work in England for a time, specializing 
in hydraulic and shipyard machinery, he came to the United States 
in 1888 and was employed in Cambridgeport, Mass., in the drafting 
room of E. D. Leavitt (president of the A.S.M.E. in 1883), whose 
work in connection with the design and installation of heavy ma- 
chinery for pumping, hoisting, and other purposes was already well 
known. 

The next year Mr. Platt went to the Cambria Steel Company, 
in Johnstown, Pa., to introduce high-pressure hydraulic machinery. 
Following the flood which occurred in Johnstown on May 31, 1889, he 
ussisted in relief work for two months. He was then associated with 
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R. D. Wood & Co., Camden, N.J., in hydraulic work, after which 
he returned to Gloucester, where he carried on consulting work. He 
came back to the United States in 1892 and took up practice in 
Riverton, N.J. 

In 1893 he was engaged by Engineering to report the Columbian 
Exposition at Chicago. In that same year he located in Westfield 
and about 1896 became a member of the firm of Thorpe, Platt & 
Co., New York, whose president was Robert H. Thorpe (later a mem- 
ber of the A.S.M.E.; see biography in Trans. A.S.M.E., October, 
1938, page RI-84). This association continued for about ten 
years, and after Mr. Thorpe withdrew, to give all his time to the Otis 
Elevator Company, Mr. Piatt carried on the practice under the name 
of John Platt & Co. 

Mr. Platt became the representative of the Parsons Marine Steam 
Turbine Company about 1905, handling all matters of business with 
the shipbuilders and contracts with the Navy Department. At a 
somewhat later date he became the representative of Messrs. C. A. 
Parsons & Co., Ltd., Newcastle-upon-Tyne, England, and he looked 
after their interests until his retirement. 

In 1906 Parsons marine steam turbines were under construction 
here for the well-known coastwise passenger vessels Governor Cobb 
(engine builders, W. & A. Fletcher Co., Hoboken, N.J.); Yale and 
Harvard (W. & A. Fletcher Co.); Old Colony (Quintard Iron Works, 
New York, N.Y., and Wm. Cramp & Sons Ship & Engine Building 
Co., Philadelphia, Pa.); Camden and Belfast (Bath Iron Works, 
Bath, Maine). At the same time the United States Navy had 
awarded a contract for the scout cruiser Chester to the Bath Iron 
Works, with Parsons turbine machinery. 

Early in 1907, five destroyers having Parsons turbines were under 
construction, and these were the pioneers here of the colossal fleet 
of this class of vessel now in the Navy. In 1908, the United States 
Navy introduced Parsons turbines in the battleships Utah (builders, 
New York Shipbuilding Company, Camden, N.J.), and the Florida, 
the hull and machinery for which was built at the Brooklyn Navy 
Yard. 

It is not possible to enumerate in detail complete particulars of 
the turbine installations which were built during Mr. Platt’s active 
life, but in the electric power station field he had a share in the install- 
ation during 1913 of the 25,000-kw unit which was the largest turbo- 
generator completed at that time. This machine was built by 
Messrs. C. A. Parsons & Co., Ltd. under the supervision of Samuel 
Insull for the Fisk Street Station of the Commonwealth Edison 
Company, Chicago, and over a long period of years was known as 
“Old Reliable.” 

Mr. Platt’s connection with the United States Navy dated back 
prior to 1900, for he was the American representative of John I. 
Thernycroft & Co., Ltd., England, and many watertube boilers 
designed by this company were installed in early torpedo boat 
destroyers. 

The first of the Lipton contenders for the America’s Cup, Sham- 
rock I, was built by Thornycroft and Mr. Platt represented that com- 
pany on the British committee for the race. 

During World War I he helped to bring about collaboration be- 
tween American and British industry and took part in arranging the 
first contracts between the Bethlehem Steel Company and the British 
government. 

Mr. Platt retired from business in the latter part of 1938, but had 
continued his interest in a mumber of organizations, including the 
A.S.M.E., of which he became an associate-member in 1889 and a 
member the following year. He was a life member of the Institution 
of Civil Engineers, London, and belonged to the Society of Naval 
Architects and Marine Engineers, American Society of Naval Engi- 
neers, and Engineers’ Club, New York. 

Mr. Platt had assembled a valuable collection of Chinese and 
Korean pottery.—[Biography compiled with the assistance of 
Ernest H. B. ANpeRSON, Parsons Marine Turbine Corporation, 
New York, N.Y.] 


JOHN ETHAN PORTER (1915-1939) 


John Ethan Porter, who became a junior member of the A.S.M.E. 
in 1938, was injured in an explosion on December 14, 1939, and died 
three days later. He was assistant to the master mechanic at the 
Globe Brick Company, East Liverpool, Ohio, and resided with 
his parents, James Bennett and Josephine (Lovell) Porter, New 
Cumberland, W.Va. 

Mr. Porter was born in New Cumberland on September 15, 1915 
He attended the Staunton Military Academy and West Virginia 
University, receiving the B.S. degree in mechanical engineering in 
February, 1938. He was a second lieutenant in the Officers Reserve 
Corps, Engineers, and a member of the Alpha Sigma Phi fraternity. 
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NICHOLAS J. PULLUS (1878-1936) 


Nicholas J. Pullus was born at Bordeaux, France, on November 1’ 
IS78. Part of his education was secured in England, where he at- 
tended a commercial school, and after coming to the United States 
he took a mechanical engineering course through the International 
Correspondence Schools. He learned the machinist’s trade at the 
Union lron Works, San Francisco, Calif., and was an assistant 
engineer with the Pacific Mail Steamship Company of that city for 
a time. 

In 1907 he was employed by the Isthmian Canal Commission on 
the Panama Canal as a machinist and he worked there, in various 
capacities, during the greater part of a year and a half. He enlisted 
in the U.S. Navy as a machinist’s mate, first class, in November, 1909, 
and served until September, 1913, when he was honorably discharged 
because of physical disability. Subsequently he was assistant engi- 
neer on the S.8. Minnesota of the Great NorthernSteamship Company, 
then was in charge of a steam and electric power plant at Agnew, 
Calif. He was next in charge of the construction and installation 
of an electric power plant at MeComb, Miss., and operated the plant 
for a short time after its completion. This was followed by service 
as an inspector with the United States Shipping Board Merchant 
Fleet Corporation from December, 1917, to April, 1918. 

During the next eight or ten years Mr. Pullus held the position 
of chief engineer, part of the time with the Union Lumber Com- 
pany, of San Francisco, and part with Swayne and Hoyt, Ltd., also 
of that city, managing owners of the Gulf Pacific Line. He super- 
vised the reconditioning of the main and auxiliary turbines on three 
12,000-ton ships owned by this organization. He subsequently 
accepted the position of superintendent of the Mechanical Division 
of the Chosen Syndicate, Ltd., which was operating a French mining 
concession at Taiyudong, Chosen, and he also served as electrical 
superintendent while there. 

He next held a similar position at Dome Mines, Ltd., South 
Poreupine, Ont., Can., where he was in full charge of the hydro- 
electric power plant and supervised the construction of a crusher 
house and a mill having a daily capacity of 1500 tons of ore. After 
about a year there he went to Russia as an engineer attached to the 
Commissariat of Ways of Transportation and remained there until 
1931, designing and building shipyards, machine shops, and foundries 
and installing materials handling systems and machinery for con- 
tinuous production in various factories. Upon his return to the 
United States, he secured a position as assistant technical super- 
visor with the Public Works Administration, at New York, N.Y. 
He was transferred to the works division of the Department of Public 
Welfare of the City of New York in 1933 as an assistant engineer and 
was subsequently promoted to the grade of senior engineer, the posi- 
tion that he held when he died of pneumonia on January 31, 1936. 

Mr. Pullus was elected a member of the A.S.M.E.in 1928. He also 
belonged to the Marine Engineers Beneficial Association and to the 
Engineers Club, San Francisco. His widow survived him.—[Biog- 
raphy compiled from best obtainable information, not all of which 
could be verified. ] 


PHILIP EDWARD RAQUE (1855-1936) 


Philip Edward Raqué was born in Brooklyn, N.Y., on July 11, 
1855, son of Charles G. and Anna (Jaeckel) Raqué. Of his education 
and early experience he wrote as follows, when applying for member- 
ship in the A.S.M.E. in 1891: 

“After finishing the academic course at a private school in Hoboken, 
N.J., I entered the Stevens Institute of Technology in the fall of 
1872, took the full course of studies, and was graduated in the spring 
of 1876 with the degree of mechanical engineer. 

“For some time after my graduation I was busy in a small machine 
shop and drafting room, on special machinery, for a concern which is 
no longer in existence. I was subsequently occupied on patent 
office and special design work, chiefly on my own account. From 
1881 to 1885 I worked with A. H. Emery [a Founder Member of the 
Society who died in 1926] on ordnance and testing-machine work, 
and subsequently with the Yale & Towne Manufacturing Co., 
Stamford, Conn., on testing-machine, gage, and dynamometer work 
under Mr. Emery. 

“After this I paid more attention to heavy construction work as 
applied to fireproof building, roofs, machine shops, etc., and until 
recently I held the position of engineer of the new corporation, The 
Union Iron Works, of New York. I now hold the position of vice- 
president and engineer of the Atlas Iron Construction Company, 
New York, incorporated in February, 1891, engaged in general 
engineering and contracting work for all classes of structures in steel 
and iron.” 

In preparation for his patent office work, Mr. Raqué attended the 
Columbia Law School in 1880. During his years with Mr. Emery he 


developed testing and weighing machinery and instruments of pre- 
cision such as micrometer gages. He assigned an invention of his 
own in this field to Mr. Emery. Anether patent, for a mixed-speed 
controller for automotive trucks, was held by Mr. Raqué but never 
developed. 

As a consulting and contracting engineer Mr. Raqué had a part, 
either directly or as advisor, in the construction of many well known 
commercial and public buildings in New York and vicinity, as well 
as many private residences. He was a pioneer in skeleton construc- 
tion, and a techno-legal advisor on construction and valuation, 
particularly in connection with water front improvements in Hobo- 
ken, and on instruments of precision. A case for the court of Chan- 
cery of New Jersey necessitated a trip to Germany in 1922 and in- 
volved translations and lengthy report. He taught classes in civil 
engineering (strength of materials, bridge and road construction, 
drawing, and hydraulics) at Manhattan College from 1906 to 1910. 
His advocacy, during the period 1915-1920, of a viaduct from the 
Hoboken ferries to Jersey City Heights, was given considerable loca! 
publicity. 

During the World War Mr. Raqué was production engineer at the 
Pratt and Whitney shops, Hartford, Conn., for the Ordnance Corps, 
U.S.A. From 1923 to 1930, in addition to his private practice, he 
was connected in a commercial and technical capacity with a machine 
shop manufacturing radios and other items. The depression forced 
the liquidation of this business and the serious curtailment of bis own 
practice, and during the last few vears of his life, Mr. Raqué gave a 
good part of his time to the Professional Engineers Committee on 
Unemployment. He also had time to devote to art, in which he had 
always been keenly interested. His death occurred at the Medical 
Center, Jersey City, on November 23, 1936. 

Mr. Raqué married Eliza Ferrett, of Jersey City, N.J., in 1887. 
She died in 1926, leaving two sons, Arthur E. and Carl P. Raqué, and 
a daughter, Marjorie (now Mrs. Louis k. Neidhart), all of whom sur- 
vived their father. 

Beginning in IS91, Mr. Raqué was a member of the A.S.M.b. 
until 1914. He re-entered the Society in 1925. He had been active 
in the Jersey City Chamber of Commerce. 


MICHAEL RIESNER (1876-1988) 


Michael Riesner, for forty-six years connected with the Laidlow- 
Dunn-Gordon Company and its successor, the Worthington Pum) 
& Machinery Corp., died in Buffalo, N.Y., on December 12, 1938 
He was well known for his developments on the construction of ai 
and gas compressors. His patents, numbering nearly thirty, were 
all considered useful, some involved fundamental new ideas, and 
several were of outstanding importance. 

Mr. Riesner was born in Cincinnati, Ohio, on January 24, 1876, son 
of John and Anna (Mader) Riesner. He attended school in his 
native city, taking supplementary courses at night, and when about 
seventeen entered upon an apprenticeship as a machinist with the 
Laidlow-Dunn-Gordon Company. After completing training as 
machinist and draftsman, he continued work for the company in the 
latter capacity. He was advanced to chief draftsman, then chief 
engineer. When the company was taken over by the Worthington 
Pump & Machinery Corp. in 1916, he was retained as chief enginee: 
of the works in Cincinnati. In 1932 he was transferred to Com- 
pressor Division of the company at Buffalo, where he served as chief 
engineer until his death. 

Mr. Riesner became a member of the A.S.M.E. in 1914 and had 
also been a member of the Engineers Club, Cincinnati, since that 
year. He was a member of the Enoch T. Carson lodge of Masons 
in Cincinnati. 

Surviving Mr. Riesner are his widow, Rebecca (Schwesinger 
Riesner, whom he married in 1905, and a daughter, Marianna. 

Commenting on Mr. Riesner’s achievements, Paul Diserens, Mem. 
A.S.M.E., consulting engineer for the Worthington Pump & Ma- 
chinery Corp., wrote (in 1942) as follows: ‘‘His original patent on 
the so-called ‘Feather’ valve, issued in 1922, was perhaps the most 
important contributing factor to the development of higher speed 
compressors which has characterized the progress in this art in the 
last twenty years. His group of patents covering methods of capac- 
ity control for constant speed compressors are equally important. 
Another field which Mr. Riesner occupied as a pioneer had to do 
with the development of compressors operating against high pressure, 
compressors of the type now used so generally in the synthetic pro- 
duction of ammonia, the manufacture of oxygen, etc.”’ 


DAVID EDWARD ROssS (1871-1943) 


Purdue University’s greatest benefactor and president of its board 
of trustees since 1927, David Edward Ross, a Fellow of The American 
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Society of Mechanical Engineers, died on June 28, 1943, following‘an 
illness of nearly a year. 

An inventor, manufacturer, engineer, farmer, financier, and phi- 
lanthropist, Mr. Ross was born on August 25, 1871, on a farm near 
Brookston, Ind., the son of George Henderson and Susanna (Booth) 
Ross. In 1893 he was graduated from Purdue University with the 
degree of Bachelor of Science in Electrical Engineering, and returned 
to his farm home. While there he conceived the idea for an im- 
proved steering gear for automobiles and trucks, and started its 
manufacture in Lafayette, Ind. Since 1908 he had been the general 
manager, president, or chairman of the board of the Ross Gear & 
Tool Co. He was also identified with several other industrial 
enterprises, including the Fairfield Manufacturing Company and the 
Rostone Company, both of which he helped to establish in Lafayette 

Mr. Ross combined to a very high degree the keen and practical 
judgment of the engineer with imagination, inventive ability, astute 
financial sense, shrewd business prowess, a high sense of integrity, 
fine qualities of citizenship, and above all an unswerving faith in 
the potential capacity of youth. He was generous and public 
spirited in connection with any of his benefactions and rarely would 
he permit his name to be used. 

Courage and tenacity were among his many attributes. Whether 
it was financing a new project, commercializing an invention, sponsor- 
ing some public undertaking, or reconciling warring factions, he 
never gave up. No matter how many objections and obstacles were 
in the way, he always believed in the Edisonian quality—‘‘try it.” 
His breadth of interest included industry, agriculture, low-cost 
housing, road building, chemistry, and many other fields which per- 
tain to human comfort and happiness. 

Always democratic, sympathetic, and understanding, his principal 
ambition in life was to open the door of opportunity to some young 
person, and at Purdue University he found an outlet for his interest 
in the youth of the nation. His benefactions at Purdue included the 
Purdue Research Foundation, which he conceived and_ largely 
financed during his lifetime and to which he left in his will one 
million dollars. He was also the major contributor to the Ross- 
Ade Recreation Field and Stadium, the Ross Engineering Company, 
the Purdue University Airport, special equipment for the engineering 
laboratories, and the Purdue University Experimental Housing 
Project. 

He was particularly considerate of young people and their problems, 
and was always ready to aid those who were interested in invention, 
encoursging them to establish industries of their own to manufacture 
the new products and devices of their conception. The Rostone is 
a concrete example of a new industry started by young Purdue 
University alumni under the stimulus of Mr. Ross. 

While not a politician in the ordinary sense of the word, Mr. Ross 
took a keen interest in politics and civie matters. He served for 
many years as chairman of the Tippecanoe County (Indiana) tax 
board, as a member of the Indiana State Committee on Govern- 
mental Economy, and on a number of special committees appointed 
by Indiana governors representing both parties which had as their 
objective better government and greater protection for the citizens. 
This interest in matters pertaining to good government resulted in 
major emphasis upon government in the engineering curricula at 
Purdue University and in the offering of a special curriculum in 
Public Service Engineering for the purpose of preparing people with 
an engineering background for service to government. He was also 
instrumental in developing, as an activity of the Engineering Exten- 
sion Department of Purdue University, a Public Safety Institute 
for special instruction to traffic officers, firemen, policemen, and 
industrial plant protection specialists. 

Mr. Ross became a Fellow of the A.S.M.E. in 1938, and was a 
member of the Society for the Promotion of Engineering Education, 
and an honorary member of Sigma Xi and Sigma Pi Sigma. He was 
for several years chairman of the committee of governing boards of 
state institutions of higher learning. 

Asked why he gave so freely of his time, talents, and fortune to 
Purdue, Mr. Ross said: ‘I owe what I have been able to do to the 
training I received in the University and besides wanting to repay 
my debt to the state, I am interested in the boys and girls in the 
vicinity. I want to see them get ahead and do something worth 
while in the world.” 

The following statement by Dr. Edward C. Elliott, president of 
Purdue University, expresses the thoughts and feelings of those who 
were closest to Mr. Ross: 

*‘A multitude of people mourn the untimely departure of David E. 
Ross from their own lives. This modest man of might for more than 
fifty years was farmer, engineer, inventor, manufacturer. Always 


he was ready to act either as servant or leader of men of good will. 
He not only created his own distinguished and useful career, but he 
He was a multiplier of the 


created the careers of a host of others. 
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power of men. Many knew him only as the inventor and maker of 
a steering device for motor vehicles. Many more knew him as the 
inspirer of men for the right steering of their own lives. Above all 
he dedicated his own life to the youth of the nation. This a sorrowful 
day for Purdue University.” 

No person has won a higher place in the hearts of Purdue men and 
women than has David E. Ross.—-[Biography prepared by A. A. 
Porrer, Lafayette, Ind., Fellow and Past-President, A.S.M.E.] 


THOMAS FITCH ROWLAND, JR. (1856-1939) 


Thomas Fitch Rowland, Jr., who had been a member of the 
A.S.M.E. since 1884, died on January 12, 1939, at St. John’s Hospital, 
Brooklyn, N.Y., after a brief illness. Mr. Rowland spent more than 
fifty years with the Continental Iron Works, in the Greenpoint 
Section of Brooklyn, a company which was founded by his father 
(Mem. A.S.M.E. For obituary see Trans. A.S.M.E., vol. 29 (1907), 
p. 1181.) and which was the builder of the ironclad Monitor during the 
Civil War. 

Mr. Rowland was descended from Thomas Fitch, the last Colonial 
governor of Connecticut, 1754-1766. He was born in New Haven, 
Conn., on July 30, 1856, son of Thomas Fitch and Mary Eliza 
(Bradley) Rowland. He received his early education in the City of 
New York, and was graduated from the Sheffield Scientific School, 
Yale University, with the degree of Ph.B. in 1877. While at Yale 
he was made a member of Phi Gamma Delta fraternity. 

Upon graduation he immediately entered his father’s plant, spend- 
ing a year in the machine shop and subsequently engaged in the 
design, construction, and supervision of erection of various kinds of 
machinery, particularly, in the early years, illuminating gas pro- 
ducing appliances. He was made secretary and treasurer of the 
company in 1887 and in 1907, upon the death of his father, became its 
president. He retired in 1929, when the business was terminated. 

Mr. Rowland succeeded his father as a trustee of Webb Institute of 
Naval Architecture. His interest in that institution was profound 
and he was unfailing in his devotion to its development. He was 
also a member of the American Society of Civil Engineers, Society 
of Naval Architects and Marine Engineers, American Society of 
Naval Engineers, Yale Engineering Association, Society of Colonial 
Wars, Sons of the Revolution, Union League Club (New York), and 
Larchmont (N.Y.) Yacht Club. He was for some years a warden of 
Christ Episcopal Church, Brooklyn, and later attended St. Bartholo- 
mew’s Protestant Episcopal Church of that city and St. John’s Epis- 
copal Church, Larchmont. 

He had been a summer resident of Larchmont for about forty years. 
During recent years he had spent the winters in Brooklyn with his 
daughter, Jessie Estelle (Mrs. William E. Coykendall). A grandson, 
William E. Coykendall, Jr., also survived him. His wife, Estelle 
Maria (Hull) Rowland, whom he married in Westport, Conn., in 
1880, died in 1932. 

The following tribute to Mr. Rowland was paid by H. Gerrish 
Smith, New York, N.Y., president, 1939-1940, of the Society of 
Naval Architects and Marine Engineers, who prepared a memorial 
on which this biography was based: 

“Mr. Rowland possessed a fine sense of integrity and loyalty, and 
his keen spirit of friendship endeared him to a host of people. He 
possessed the ideal of constructive co-operation with his fellowmen, 
and his kindliness of manner and spirit of courtesy secured for him 
an enduring place in the affection of all those with whom he came in 
contact.” 


NEWELL SANDERS (1850-1939) 


Newell Sanders, retired manufacturer who was for more than half a 
century a leader in politics and industry in Tennessee, died on 
January 26, 1939, at his Lookout Mountain home in Chattanooga. 

Possessed of the homely virtues of thrift and energy, Mr. Sanders 
laid the foundation of a fortune and a useful life by improving one of 
man’s oldest tools—the plow—and demonstrated that frontiers 
exist only in men’s minds and not in their environments. Of a man 
who was able to convince farmers of the virtues of a new plow it cannot 
be said that he buried his talent. Nor could anyone stand amid the 
blossoming trees around the Senator’s house on top of Lookout Moun- 
tain and gaze down at the city below without admitting that what- 
ever there was of peace about that home had come as a dividend of 
hard work. 

Newell Sanders’ forebears had lived in North and South Carolina 
before and during the Revolution, and had migrated northward and 
westward through Tennessee and Kentucky into Indiana and Iowa, 
from whence John Sanders, Newell’s father, returned to Indiana. 
Newell Sanders was born on a farm in Owen County, Indiana, on July 
12, 1850, his mother being Miriam (Coffey) Sanders. He entered 
Indiana University at Bloomington and was graduated in 1873 with 
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the degree of B.S. He married, on October 28 of the year of his 
graduation, Miss Corinne Dodds, of Bloomington, who was a class- 
mate at the university and who was graduated with the same degree. 

Between his.graduation and his marriage, Sanders tried pioneering 
in the West. An older brother had helped survey the Southern 
Pacific Railroad through to the Pacific Coast and wanted Newell to 
join him. The younger brother staked out a claim alongside the 
elder’s. His only operation on it, he said, was the killing of a rattle- 
snake. Young Newell ‘decided I wanted to settle in a more civilized 
part of the country and went home to Indiana quite contented.” 

Back in Bloomington, Sanders bought the bookstore in which he 
had clerked while he was a student. He negotiated the deal chiefly 
on credit, paying 18 per cent interest on some of the money. There 
was another bookstore in town. Sanders saw an opportunity for one 
of them to make money, so he bought out the other and advanced 
the prices on all the books. During his first days as a bookstore 
owner the panic of 1873 started. Sanders was insolvent during the 
most of his ownership of the store, “but nobody found it out.” He 
had learned early the value of credit. In 1877 his business ‘came out 
even.” 

He then decided to enter the manufacturing field and spent a year 
in getting experience in shop work. He had read an article about 
Chattanooga, became interested in the city, and in 1878 he moved 
his family there. He bought a house and barn, largely with borrowed 
capital, and began making plows in, as he described it, ‘lots of one.” 
He had five employees at first, but did much of the labor himself. 
“The most discouraging thing of my business life,"’ he said, ‘was our 
first year in Chattanooga.”” Three of his five employees died in a 
vellow fever epidemic the summer after the business was started. 

In 1883 the business was incorporated as the Chattanooga Plow 
Company, and in subsequent vears plows of this company were sold 
over a large part of the world. In L901 he established the Neweil 
Sanders Plow Company, of which he was sole owner. In 1915 he 
again became president of the Chattanooga Plow Company, a posi- 
tion he retained until he sold the company in 1919 to the International 
Harvester Company. He sold the Newell Sanders Plow Company 
in 1927 and retired from business. 

For many vears he was a director of the Nashville, Chattanooga & 
St. Louis Railway and the Hamilton National Bank of Chattanooga. 
One of his hobbies was the development of mid-continental river traffic. 
In 1901 he organized a steamboat company operating boats on the 
Tennessee, Ohio, and Mississippi Rivers between Chattanooga and 
St. Louis, and he was the first president of the old Tennessee River 
Improvement Association. He served as foreman of the Hamilton 
County grand jury for six years and was president of the Chattanooga 
Chamber of Commerce for a term. He was a member of the First 
Baptist Church. 

Mr. Sanders became a member of the A.S.M.E. in ISSS and was 
made a Fellow in 1937. He served as a manager of the Society for 
the term 19021905 and was a vice-president, 1927-1929. He was 
president for the year 1907-1908 of the National Association of 
Agricultural Implement and Vehicle Manufacturers. 

Mr. Sanders was a member of the Chattanooga school board in 
ISS1, thus beginning a long career in local, state, and national service. 
He was an alderman in Chattanooga from ISS2 to ISS86. In 1894-1896 
and again, 1906-1912, he was chairman of the Republican state com- 
mittee and he was a member of the national committee, 1912-1916. 
He was a delegate to the Republican national conventions of 1900, 
1912, 1916, 1920. and 1924. He was the first Republican senator 
to serve the State of Tennessee in Washington in forty years, being 
appointed by Governor Hooper to fill the position made vacant 
through the death of Robert L. Taylor. He took his seat on April 8, 
1912 and his term ended in February of the following year. In that 
time he sponsored a bill which prevented the shipment of liquor 
from wet states into dry states, and it was enacted over President 
Taft's veto. It was the first federal legislation regulating interstate 
commerce in liquors and was credited by the Anti-Saloon League 
as the foundation for enactment of the Eighteenth Amendment. 

The Senator also worked untiringly for woman suffrage in Ten- 
nessee and Mrs. Sanders was the first woman in the South to vote. 

Mrs. Sanders died on June 11, 1929. Throughout their more than 
fifty years together, she had been a close partner in his undertakings 
and he frequently spoke of her great influence upon his life. 

Mr. Sanders was survived by three daughters, Norinne (Mrs. 
James H. Anderson, of Chattanooga), Mildred (Mrs. Walter B. 
Wight, of New York), and Pansy (Mrs. Ben M. Allison, of Chatta- 
nooga). Two sons and one daughter preceded their parents in 
death. Dorothy Sanders died young, Wendell Sanders died at the 
age of 17, and Sherman Sanders died in 1927, at the age of 46. Mr. 
Sanders published a memorial volume for his son Wendell. He was 
also survived by a number of grandchildren and greatgrandchildren, 
and by a half-brother, Judson Buchanan. 
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Some of the ambitions, the regrets, and the philosophy of an active 
and successful life are contained in random notes which Mr. Sanders 
set down as a sort of biographical memorandum or diary. One of these 
ambitions was realized when, in 1931, Indiana University conferred 
on him the honorary degrees of B.L. and LL.D. 

Senator Sanders believed success in business was a prerequisite to a 
successful political carver. He considered insurance a waste of 
money and the only policy he ever took out—on his life-—was at the 
compulsion of his business partners. He liked horses, but automo- 
biles seemed strange to him. “I can get reconciled to only the 
plainest ones. IT own a Packard and a Ford, but I ride in the Ford.” 
He never drove. He believed a young man should take advantage 
of occasions to speak in public and regretted his failures in this re- 
gard. He found no pleasure in idleness. At cighty-two, five years 
after he retired from business, he wrote: 

“TL have not enjoyed doing nothing. I have all this time wished I 
was still in the game of life. Such things as being foreman of the 
Grand Jury, sitting on boards of directors of banks and railroads, and 
trving to keep my money invested so as to get 6 per cent without loss 
do not satisfy. 

“LT have found that when one takes off the urge of making and sav- 
ing and feels free to spend and give away the money goes very fast 
So I have suddenly waked up to the fact that I might die a poor man 
instead of the other kind. However, I suppose I shall go on in that 
way. lam not conscious of ownership. All I seem to know is that 
I have had opportunities and success; that I have had riches and 
honors and have now the joy of being respected by my associates.’’— 
{Memorial biography based on an editorial in the March, 1939, issue 
of Mechanical Engineering and on an obituary by Rurus Terra 
published in the Chattanooga Daily Times, January 27, 1939. Mr. 
Terral was the author of ‘Newell Sanders,"’ a biography privately 
printed in 1935. ] 


WILL JOSEPH SAN DO (LS64- 1948) 


Will Joseph Sando, a Fellow and past officer of the A.S.M.E., died 
on February 23, 1943. He had been a member of the Society since 
1899, served as a manager from 1908 to 1911, and as vice-president 
fron 1923 to 1925, and was elected a Fellow in 1936. He was chair- 
man of the executive committee of the Milwaukee Section in 1924 
and continued to serve on the committee for a number of years. 

Mr. Sando was born at Scranton, Pa., on April 9, [864, the son of 
Joseph William and Mary (Grogan) Sando. His early life was spent 
in Scranton, where he attended the public schools. At the age of 
fifteen he began a five-year apprenticeship in the machinist’'s trade, 
followed by two years as a mechanical draftsman with the Dickson 
Manufacturing Company of Seranton. From L886 to L889 he served 
as draftsman and shop inspector on power-plant machinery and 
pumping engines for E. D. Leavitt of Cambridgeport, Mass., who was 
consulting engineer for the Dickson company. While in Mr. Leav- 
itt’s employ he aided in the design and inspection of large ma- 
chinery for the Calumet & Hecla Mining Co., of Michig in, and for 
pumping plants in Boston, Cambridge, and other places. 

In IS89 Mr. Sando became draftsman in charge of the drafting 
office of the U.S. Engineers at the William Cramp and Sons ship- 
yards at Philadelphia, Pa. The following year he returned to the 
employ of Mr. Leavitt, with whom he remained until 1897. From 
then until 1900 he served as superintendent of pumping stations 
for the Metropolitan Water Board (Boston, Mass.), and the next 
few years he was chief engineer and manager of the pumping-engine 
department for the International Steam Pump Company, New York, 
N.Y. In 1903 he was appointed engineer, pumping department, of 
the Burr-Hering-Freeman Commission on Additional Water Supply 
for the City of New York. Fron? 1904 to 1910 he was employed by 
the Allis-Chalmers Company of Milwaukee, Wis., as chief engineer 
and manager of the pumping-engine department, and, from 1907 to 
1910, also managed its hydraulic-turbine department and studied 
installations abroad. 

From 1910 until his death, Mr. Sando was engaged in practice as a 
consulting engineer, for some years in Milwaukee, later in Chicago, 
his work relating to plans, specifications, inspection, tests, and valua- 
tion reports for water-works pumping plants; high-pressure fire sys- 
tems; steam, electric, and hydraulic power plants; cracking still 
plants for the production of gasoline; and mechanical equipment in 
sewage-treatment plants. For the City of Boston, he prepared plans 
and specifications for the underground automatic electric sewage- 
pumping station in Summer Street, the high-pressure fire service, the 
Albany Street above-ground automatic electric sewage-pumping 
station, and the remodeling of equipment at the Calf Pasture Pump- 
ing Station. He served the Milwaukee Sewerage Commission as 
consulting mechanical engineer during the construction and early 
operating stages of the Jones Island plant, and, from time to time, 
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advised The Sanitary District of Chicago on sewage-pumping equip- 
ment. He had patented a system for treating activated sludge. 

At various times Mr. Sando was engaged as an expert by the follow- 
ing: The City of Cincinnati (Ohio) on litigation in connection with 
its water-works pumping plant; the Chicago & North Western 
Railway Co. on personal injury litigation; Summit (N.J.) and the 
Indianapolis (Ind.) Water Company on water-rate litigation; and 
the Passaic Valley (N.J.) Water Commission on the acquisition of 
property of the Passaic Consolidated Water Company. His advice 
was sought on pumping engines by Lowell, Mass.; the Alberfoyle 
Manufacturing Company at Chester, Pa,; and the Pittsburgh Plate 
Glass Company at Crystal City, Mo. 

During World War I he was president of the Milwaukee Boiler 
Company and of the Monarch Boiler Arch Company. He was a 
member of a Milwaukee draft board. 

Among his other activities, he was an advisory engineer for the 
Reconstruction Finance Corporation, Chicago Loan Agency, analva- 
ing various loans under consideration. 

As an engineer, Mr. Sando was a recognized expert on pumping 
machinery of various types and on steam practice. His judgment, 
based on broad experience in the manufacturing and designing field, 
was valued by his associates. 

Mr. Sando was also a member of the American Society of Civil 
Engineers, the American Institute of Consulting Engineers (1925 
1937), and the Boston Society of Civil Engineers. In addition to 
his professional work, he was interested in social clubs, serving for 
twelve years as a director of the Milwaukee Club. He enjoyed bow!l- 
ing and golf and formerly was a member of the Milwaukee Country 
Club and Tripoli Country Club, Milwaukee. At one time he also 
belonged to the Engineers clubs in New York and Boston. 

In 1889 he married, in Boston, Clara Smith Collins, who died in 
1906. In 1928 he married, in Chicago, Eleanor Burke Williams, who 
with a stepdaughter, Eleanor Burke Williams, survived him.— 
{Biography adapted from memoir prepared by JAmMes L. Fereser, 
chief engineer of the Milwaukee Sewerage Commission, and LANG- 
DON PEARSE, sanitary engineer, The Sanitary District of Chicago for 
the American Society of Civil Engineers. ] 


FITZWILLIAM SARGENT (1859-1937) 


FitzWilliam Sargent, chief engineer of the American Brake Shoe 
& Foundry Co., died at his home in Mahwah, N.J., on July 25, 1937 
Mr. Sargent was born on January 4, 1859, in Philadelphia, Pa., son 
of Winthrop and Elizabeth (Browne) Sargent. He prepared for 
college in the Eastman Preparatory School, Philadelphia, and from 
there entered Lehigh University. He was graduated there in the 
Class of 1879, with the C.E. degree. 

Following his graduation, Mr Sargent was employed for one 
year by the Rio Grande Construction Company as assistant engineer 
on railroad surveys in Colorado. He next spent two years with the 
Mexican National Construction Company in Northern Mexico, 
serving first as assistant engineer and later resident engineer on 
surveys and construction work. This was followed by a year as 
resident engineer with the Norfolk & Western Railway Co. in Virginia, 
on construction work for the Cripple Creek extension. In 1884, 
he began seven years’ service with the Chicago, Burlington & Quincy 
R.R. Co., first as assistant engineer and later as engineer of tests. 

In 1891, Mr. Sargent associated himself with the Congdon Brake 
Shoe Company, Chicago, producers of brake shoes and gray iron 
castings, for which he served successively as mechanical engineer, 
general agent, and superintendent of the iron foundry. In 1893 
the company became The Sargent Company, of which he was secre- 
tary. The brake shoe business was taken over by The American 
Brake Shoe & Foundry Co., New York, N.Y., in 1902, and Mr. 
Sargent was retained as managing engineer, later becoming chief 
engineer, which position he held at the time of his death. 

In 1894 Mr. Sargent married Harriet Frances Barnes, of Provi- 
dence, R.I., and he is survived by her and their two children, Esther, 
now Mrs. Leroy 8. Green, and Thomas Parsons Sargent. 

Mr. Sargent became a member of the A.S.M.E. in 1893. He was 
also a member of the American Institute of Mining and Metallurgical 
Engineers, American Society for Testing Materials, and New York 
Railroad Club, to whose Proceedings he made many contributions. 
He was president of the Board of Education of Hohokus Township, 
N.J., from 1908 to 1912 and served as a corporal in the Mahwah Home 
Guard in 1917-1918. He also belonged to the Masonic fraternity. 

Mr. Sargent took out numerous patents on brake shoes, all of 
which he assigned to the American Brake Shoe & Foundry Co. An 
obituary in the New York Herald-Tribune of July 27, 1937, states that 
“Mr. Sargent was generally credited by railroad men with having 
done more in the development of brake shoes for steam and electric 
trains than any other man.” 
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Mr. Sargent made a hobby of photography in a special way. He 
traveled extensively and had a wide circle of friends. Wherever 


he went he photographed his friends, their families, their homes, their 
pets. Following his visit he sent a complete set of photographs to 
each member of the family. 


WILLIAM DURHAM SARGENT (1863-1940) 


William Durham Sargent was born on June 16, 1863, at Lynn, 
Mass., son of Helen Durham and George Merrick Sargent. He 
attended the Evanston High School and was graduated from North- 
western University with an A.B. degree in 1884. After some ex- 
perience in erecting and operating mining machinery at Bear Gulch, 
Mont., he served an apprenticeship as machinist and molder with 
the Pullman Company, at Pullman, IIl., and at the Ramapo (N.Y.) 
Iron Works. He took postgraduate work at Massachusetts Institute 
of Technology in 1887 and received the A.M. degree at Northwestern 
University the following year. 

In 1888, also, Mr. Sargent became superintendent of the iron 
foundry of the Congdon Brake Shoe Company, Chicago, IIl., which 
manufactured brake shoes and gray iron castings, and when this com- 
pany became The Sargent Company in 1893 he was appointed gen- 
eral manager. Later he was made president of the company and 
he continued in this office with The American Brake Shoe & Foundry 
Co., New York, N.Y., for a time after that company took over the 
brake shoe business of The Sargent Company, in 1902. Subse- 
quently, until he retired in 1937, he was a director and a member of 
the executive and finance committees of the company. 

Mr. Sargent had also been connected in various capacities with a 
number of additional companies. He was vice-president of the 
American Steel Foundries, New York, 1904-1906, and then a di- 
rector and member of the executive committee of that organization. 
He was past-president of the Reading Steel Casting Company, 
New York; Bayonne (N.J.) Steel Casting Company and its suc- 
cessor, Eastern Steel Castings, Newark, N.J.; and of other com- 
panies. He had been a director and member of the executive com- 
mittee of the Crocker-Wheeler Electric Manufacturing Company, 
Ampere, N.J., chairman of the board of the International Motor 
Company and The Trucktor Corporation, and a director of a number 
of other bodies. 

Mr. Sargent became a member of the A.S.M.E. in 1896 and served 
on the Finance Committee, 1912-1916. He also belonged to the 
American Institute of Mining and Metallurgical Engineers, Society 
of Automotive Engineers, Phi Kappa Sigma Fraternity, and a number 
of clubs. 

Mr. Sargent’s death occurred on February 15, 1940, at Miami 
Beach, Fla. His wife, May A. (Pardridge) Sargent, predeceased 
him. He was survived by a daughter, Theresa Evelyn (Mrs. Ronald 
0.) Gubelman, of Whitehouse, N.J. 


CHARLES M. SCHWAB (1862-1939 

Charles M. Schwab, president of the A.S.M.E. in 1926-1927, 
to that office at the culmination of a most spectacular career in 
American industry. He rose from a position of common laborer 
through various engineering, managerial, and executive positions 
to become president of the U.S. Steel Corporation at the age of 
thirty-nine. He is chiefly remembered as the builder of the 
Bethlehem Steel Corporation, and at the time of his election to the 
presidency of the Society, he was chairman of the Board of the 
Bethlehem Steel Corporation and president of the American Iron and 
Steel Institute. 

Mr. Schwab's great-grandparents came to this country about the 
year 1800 from Baden-Baden, Germany, and located in Loretto, 
Pa. Charles M. Schwab was born at Williamsburg, Pa., twenty 
miles from Loretto, on February 18, 1862, first son of John A. and 
Pauline A. (Farabaugh) Schwab. His father at this time was operat- 
ing a mill at Williamsburg for the manufacture of blankets for the 
Union Army. 

The family shortly returned to Loretto, where Charles spent his 
youth. After finishing his classroom schooling at St. Francis Col- 
lege in Loretto at the age of seventeen, Charles went to Braddock, 
Pa., where the vast Edgar Thomson steel works (owned by Carnegie 
Brothers & Co.) was the chief industry. Here the young man ob- 
tained a position as a general utility boy in a grocery store. 

William R. Jones—Captain Bill Jones—colossal figure in the 
beginnings of steel in America, was general manager of the Edgar 
Thomson works and potentate of the neighborhood. Young Charlie 
Schwab, dissatisfied with the prospects of a career as a grocery clerk, 
asked Captain Jones for a position in the steel works and got it. 
His first assignment was as laborer in the engineering corps. After 
only a two-year apprenticeship, at the early age of nineteen he be- 
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came chief engineer of the Edgar Thomson plant and assistant to 
the general manager. We are forced to believe the reports that 
Schwab was a glutton for work and responsibility. 

The young engineer married Emma Eurana Dinkey of Braddock, 
Pa., on May 1, 1883. In the sewing room of their little cottage, 
Schwab set up a chemical laboratory with money loaned by Henry 
Phipps, an associate of Andrew Carnegie. Mrs. Schwab's father 
had been a chemist, and the young wife eagerly sympathized with her 
husband's scientific interests. 

In addition to his duties as chief engineer of the Edgar Thomson 
works and his private investigations into the chemistry of steel, 
Schwab found time to augment his income by giving piano and organ 
lessons in the evening. This early love of music continued and deep- 
ened as he grew older. He installed a pipe organ in his Riverside 
Drive mansion and in his later years maintained a personal organist 
there. He became a generous patron of the Bach Choir in Bethle- 
hem. 

When in 1887 Carnegie Brothers & Co. was replaced by the Car- 
negie Steel Company, a program of expansion was embarked upon. 
Schwab, for six years chief engineer at the Thomson works, was 
called to the newly acquired plant at Homestead as superintendent 
of one of the largest steel works in America. He was then twenty- 
five years of age. Two years later, in 1889, Captain Jones, who had 
been Schwab's continual mentor, was killed in a plant accident, and 
Schwab went back to the Thomson works as general superintendent. 
From this time on there came into play Mr. Schwab's gift for choosing 
and managing men. His magnetic smile, which was to become world 
famous, his contagious optimism, his tact, and his encouraging 
friendliness were strongly needed in an industry which had developed 
into a battle of titans. The financial powers of the world were 
struggling for control of steel. The immediate battleground, how- 
ever, was conflict between capital and labor. 

In 1892 this conflict culminated in the .bloody strike at Home- 
stead. At this time Carnegie was in Scotland and Henry Clay 
Frick was active head of the Carnegie organization. At the con- 
clusion of the strike, Carnegie cabled Frick to put Charles M. Schwab 
in charge at Homestead. He had been at Homestead before in the 
role of superintendent; he now returned, at the age of thirty years, 
to put to the test his belief that friendliness, fair play, and mutual 
understanding would smooth out most difficulties. In undertaking 
the superintendency of Homestead after the strike, Schwab also 
retained his office as general superintendent at Edgar Thomson with 
headquarters at Homestead. 

In the management of Carnegie’s steel plants, Mr. Schwab was 
ever alert to the advances in steelmaking, with the result that the 
efficiency of the mills was without equal and could meet all com- 
petition at home and abroad. Carnegie’s admiration for Schwab 
grew. In 1897 the Scotch steel master appointed Schwab to the 
presidency of the Carnegie Steel Company, Ltd. 

Events were moving rapidly in the steel industry. Schwab ex- 
tended his activities from management of material and men to take 
on the third ‘‘m,’’ money, and he became the principal in the or- 
ganization of the United States Steel Corporation. At the famous 
dinner of all the notables in the financial world at the University Club 
in New York on December 12, 1900, Charles M. Schwab was the chief 
speaker. Armed with an array of figures and grounded in a knowl- 
edge of the business which no one could challenge, Schwab pictured a 
future for the steel industry which convinced even the skeptical 
J. P. Morgan, the elder, to join forces with Carnegie in the organiza- 
tion of the United States Steel Corporation. Mr. Carnegie offered 
Mr. Schwab a contract as the first president of the corporation 
guaranteeing him a million dollars a year. To this the financier, 
Morgan, objected. On being informed of Mr. Morgan's objection, 
Mr. Schwab took the contract from his pocket, tore it into many 
pieces, and said that his only wish was to be employed on a profit- 
sharing basis. 

But all was not smooth sailing for a man of Schwab’s inclinations. 
Other members of the Board of Directors and especially the executive 
committee, of which E. H. Gary was chairman, sought to assume 
duties which Schwab felt were his function as president. In 1903, 
Schwab retired from the presidency of U.S. Steel, but he did not re- 
tire from active work, for his greatest achievement lay ahead. 

It has been said that his life ambition was to build a vast steel 
enterprise of his own creation. As early as 1901 he had acquired 
an interest in the Bethlehem Steel Company, which specialized in the 
manufacture of ordnance. On December 10, 1904, Charles M. Schwab 
organized the Bethlehem Steel Corporation and in January, 1905, 
assumed the position of president and chairman of the board. 

The growth and success of the Bethlehem Steel Corporation under 
Mr. Schwab's guidance is a matter of record. His general method 
of operation was to give his chosen associates full responsibility. 
He advised, but held to the principle of noninterference. “If you 


trust a man, trust him,’’ Mr. Schwab said. ‘Don’t delegate re- 
sponsibility and then stick your nose in the door the next day to see 
if the man is carrying on.” 

The first World War brought increased responsibilities to Mr. 
Schwab in directing the activities of the Bethlehem Steel Corporation 
in the manufacture of munitions for the Allies. But this was not all. 
In 1917 President Wilson appointed Mr. Schwab director-general of 
the Emergency Fleet Corporation at a salary of a dollar a year. He 
carried out this task with unstinted effort. 

At the conclusion of the war, Mr. Schwab left the task of manage- 
ment of Bethlehem Steel largely in the hands of his associates, but 
he retained the chairmanship of its board until his death. 

Retirement from active direction in steel brought little diminution 
of his numerous other activities. The two remaining decades of 
his life were filled with his unselfish contributions of money and ef- 
fort in many fields of American life. 

Above all, he remained throughout America the symbol of cheer- 
ful optimism and belief in the continual and ultimate triumph of the 
American way of life. In the darkest days of the depression both 
the man in the street and the industrial leader hung upon his every 
word of encouragement and optimism. Reporters swarmed about 
him as he emerged from a meeting of the Iron and Steel Institute or 
stepped from the gangplank on returning from one of his countless 
trips to foreign capitals. 

A list of the directorships and trusteeships which he held would 
serve as a cross section of the leading organizations in American 
industrial and institutional life. As president of the American Iron 
and Steel Institute from 1926 to 1932 and chairman of the board of 
that body from 1932 to 1934, he became elder statesman of the steel 
industry in America. Honors were heaped upon him from all sides 
He was awarded the Cross of the Legion of Honor at Paris. In 
1928 he received the outstanding tribute from the world’s stee! 
industry, the Bessemer Medal of the Iron and Steel Institute of Great 
Britain. He was also awarded the Melchett Medal of the Institute 
of Fuel (Great Britain) for distinguished service to industry. Honor- 
ary membership in the A.S.M.E., to which he had belonged since 
1899, was conferred upon him in 1918. 

A practical engineer, largely self-taught, Mr. Schwab was honored 
with degrees from a number of educational institutions. He was made 
Doctor of Engineering by Lehigh University in 1914 and by Stevens 
Institute of Technology in 1921. He was awarded the degree of 
Doctor of Commercial Science by New York University in 1918. 
The University of Pennsylvania conferred upon him the degree of 
Doctor of Science, as did St. Vincent College, Latrobe, Pa. He held 
the degree of Doctor of Laws from Lincoln Memorial University, 
St. Francis College, Franklin and Marshall College, Allegheny Col- 
lege, and Juniata College. 

Mr. Schwab died on September 18, 1939, at the age of seventy- 
seven, at his Park Avenue apartment, in New York, following a heart 
attack he had suffered several weeks previously while in London. 
After the death of his wife on January 12, 1939, he had no longer 
cared to occupy their Riverside Drive home, and had placed it on the 
market. His summer home, “Immergrun,”’ at Loretto, had been 
sold early in the summer of 1939. His father had died in 1924 and 
his mother in 1936 at the age of ninety-three. Surviving him were 
a brother, Edward H. Schwab, and two sisters, Gertrude (Mrs. 
David) Barry, of Johnstown, Pa., and Sister Cecilia, a member of the 
Carmelite Order at Loretto. 


The preceding memorial biography of Mr. Schwab was prepared 
by Proressor M. C. Srvart, Lehigh University, Bethlehem, Pa., 
Mem. A.S.M.E., who drew to a considerable extent upon ‘The Story 
of Charles M. Schwab”’ published in the Bethlehem Review, February 
18, 1932. 

There follows a tribute to Mr. Schwab prepared by LouGHNAN 
St. L. Penprep, editor of The Engineer, and published in that 
magazine on September 29, 1939. 


“Mr. Charles M. Schwab, of the Bethlehem Steel Works, who died 
in New York on Sept. 18th, was amongst the most remarkable per- 
sonalities of his country. It would be difficult to find a more con- 
vincing example of the ‘human touch.’ He was ‘Charlie’ to his 
workpeople and ‘Charlie’ to thousands of engineers and iron and 
steel men. He emanated, as it were, human kindness and sympathy, 
and even those who but knew him for the passing moment, or were 
merely in his presence, were attracted to him. We recall to this day 
the astonishing demonstration which followed the presentation of the 
Bessemer Medal to him by the Iron and Steel Institute in 1928. At 
the dinner following the presentation he made one of his character- 
istic speeches—a typical American post-prandial speech in which good 
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fellowship, good advice, and good stories were mingled. Not a 
person in the room but was moved by it; not a person, we venture 
to say, who did not feel that ‘Charlie’ was his own intimate friend. 
We all rose to our feet and cheered him, and afterwards he was sur- 
rounded by scores of men, many complete strangers, who wished to 
touch him, to shake him by the hand, to be able to say afterwards 
‘T knew Charlie Schwab.’ 

“We stress this characteristic because there is far more in it than 
appears upon the surface. There are thousands upon thousands of 
people who insist that merit is the only thing that should count in 
the world. But they measure merit by technical ability or business 
aptitude. They leave out of their account, possibly the greatest 
factor of all, personality; that indefinable something that gives its 
owners power through sympathy. Measured by modern standards 
Schwab was not a great technician. We suspect that his education 
in the accepted sense was almost negligible. His father kept a livery 
stable in Williamsburg, Pennsylvania, where he was born seventy- 
seven years ago. The facilities for technical education in America at 
that day were inconsiderable, but he picked up a little chemistry 
and learnt todo sums. Opportunities always come to those fitted to 
take them, but often in strange guise. Young Schwab can hardly 
have foreseen that his engagement as a grocer’s assistant would lead 
him in but a few years to the biggest salary that had ever been heard 
of. Captain William Jones, the Superintendent of the Carnegie’s 
Edgar Thomson Steel Works, was a customer at his shop. He was 
attracted to ‘Charlie’ and gave him a start in the works. ‘Charlie’ 
Was no more than a boy but he made his mark at once. Even at 
that age his personality, his power of handling men, and his devotion 
to work must have raised him far above his fellows. Capt. Jones 
was killed in an accident at the works and despite his youth Schwab 
Was appointed superintendent in his stead. In 1892, when he was 
only thirty, the Homestead Steel Works reopened after a strike which 
is notorious in American industrial history, and he became super- 
intendent, no doubt largely because he could be trusted to deal with 
the difficult problems in the handling of men that the works presented. 
He and his employer, Andrew Carnegie, became intimate friends. 
There was a kindred spirit in the Scotsman and the American; 
their aims were the same, their outlook the same. Schwab was 
just the man to keep a vast works moving harmoniously whilst 
Carnegie attended to business. ‘The pair pulled together harmoni- 
ously in their harness. They had their differences, but years after 
Carnegie’s death Schwab would talk affectionately of his ‘old master.’ 
In 1897—remember he was no more than thirty-five then—he suc- 
ceeded Carnegie as President of the Carnegie Steel Company and a 
few years later, after the merging of many companies, became Presi- 
dent of the United States Steel Trust. That position he held till 
1903 when he resigned to become Chairman of the Bethlehem Steel 
Corporation, in which he had secured a controlling interest. 

“At this moment recollection of what Schwab did in the Great 
War comes back to mind. It was then that his influence was felt 
far outside his native land. His sympathies were whole-heartedly 
with the Allies, with Great Britain in particular. He made vast 
quantities of steel and munitions for this country, quantities so vast 
that Germany offered to buy him out at any price he liked to name. 
He told her that there was not enough money in the whole of Europe 
to change his purpose. He even built submarines for the British 
navy, but they were assembled in Montreal. When America entered 
the war the submarine campaign was at its height. New ships were 
required at least as urgently as munitions. ‘The Emergency Fleet 
Corporation was set up and against his will Schwab accepted Presi- 
dent Wilson’s request that he would become its President. He 
would rather have carried on accelerating munitions production at 
the Bethlehem works. But President Wilson knew his man. He 
knew: that Schwab's energy and personal force would carry the new 
Corporation forward; and he was not deceived. Under his impelling 
force ships were turned out with unbelievable rapidity. A 12,000- 
ton freighter was launched at San Francisco in twenty-four days 
from the laying of the keel; a 3500-ton freighter was delivered thirty- 
four days after she had been laid down; in another yard a hull had 
searcely slipped into the water before another keel was laid on the 
same slip. Such outputs were stunts but Schwab knew their psycho- 
logical value. They caused the yards to emulate each other. 
Enthusiasm grew amongst the men and throughout America and 
reached its height when on July 4th, 1918, Mr. Schwab was able to 
announce that the corporation had launched its hundredth ship. 

“Like so many of his fellow countrymen—Henry Ford is another 
example—Charlie Schwab blended sentiment with shrewd business 
in a way that seems almost incomprehensible to a people like ours who 
are rather ashamed of sentiment and seek to hide it even when they 
feel it. That is not the way with Americans. They are rather proud 
of it, or if not proud they are not ashamed to show it, and often take 
an attractive pleasure in it. When Schwab’s life is written we have 
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no doubt that examples of thistrait in his character will take a promi- 
nent place. It is many years ago, and our memory may be at fault 
in some particulars, but we recall how he told us about the simplicity 
of his life and his love of his mother, and of her devotion to a little old 
house in which the family had once lived. The house stood some dis- 
tance from the country mansion he had built for himself at Loretto, 
from which it was separated by a wood of trees. To please his mother 
he had the little house lifted on to a track above the trees and put 
down upon a site nearer the mansion where she could visit it with 
comfort. That was typical of the man. There is, if you like, a 
good deal of sentiment in it, but it was a kindly human action. 

“It was because he was so capable of such actions, in the simplest 
way, that ‘Charlie’ was beloved by his workpeople. As a business 
man he could be hard and shrewd, but underlying it all was a human 
sympathy and understanding which drew his fellows to him.” 


DONALD H. SCRANTON (1890-1939) 


Donald H. Scranton, whose death occurred on January 6, 1939, had 
been connected with the Buffalo (N.Y.) General Electric Company 
and the Buffalo Niagara Electric Corporation since the fall of 1918. 
Assigned first to the Engineering Department, he carried on in- 
vestigations leading to improvements in the application and design 
of steam plant equipment and worked on feeder voltage regulator 
maintenance and adjustments. In 1923 he began work on design 
problems of steam plant extension and was in charge of the erection 
of extensions to the Charles R. Huntley Station. In October, 1930, 
he was appointed chief engineer of Huntley Station No. 2; in April, 
1934, assistant superintendent of the Huntley Stations; and two 
years later superintendent, the position held at the time of his death. 

Mr. Scranton was born at Rochester, N.Y., on February 13, 1890, 
son of Charles E. and Helen 8S. (Robinson) Scranton. After his 
graduation from the Buffalo Central High School, he worked on 
wiring and installation of electrical machinery for the Cataract 
Power & Conduit Co., gasoline motor assembly for the Pierce-Arrow 
Motor Car Company, and other jobs prior to his employment by the 
Buffalo General Electric Company. 

Mr. Scranton invented an automatic lighter for pulverized fuel 
boilers and contributed an article on ‘“‘Removing Molten Ash by 
Hydro-Jet System" to Power, May 1, 1928. He had been a member 
of the A.S.M.E. since 1929. 

Surviving Mr. Seranton were his widow, Grace E. (Wheeler) 
Scranton, whom he married in 1912, and ason, Kenneth W. Scranton, 


of Williamsville, N.Y. 


JAMES ALWARD SEYMOUR (1864-1943) 


James Alward Seymour was born at Auburn, N.Y., on October 
11, 1864. He was the son of James Seymour, Jr., a banker, and 
Mary Osborne (Lodewick) Seymour. He prepared for college at 
Fairview Academy, Saratoga, N.Y., and Phillips Academy, Andover, 
Mass., and entered the Sheffield Scientific School at Yale University 
in the fall of 1882. 

By strange chance he entered the same day that Prof. Charles B. 
Richards began his teaching there. Professor Riehards, inventor of 
the Richards indicator and closely associated with the Porter-Allen 
steam engine, was peculiarly fitted to help Seymour get his start. 

Seymour took the course in ‘‘Dynamic Engineering,’ as the me- 
chanical course was then called. He made a fine record, winning prizes 
in his junior and senior years, and was graduated with distinction in 
S85. He was popular, made many and fast friends, was editor of the 
Yale News, and a member of one of the prominent societies. 

As no promising employment opened he stayed on for graduate 
work, with a view to going into teaching, and become Professor 
Richards’ first graduate student. During this graduate year he made 
a good income tutoring lame duck students with uncanny success, 
and acted as curator of the small technical library. He received the 
graduate degree of M.E. in 1890. 

It is interesting that Seymour, a successful employer, never him- 
self worked as a salaried employee. When he went home for the 
Christmas vacation in his graduate year his father surprised him by 
telling him he had arranged a partnership for him with John E. 
McIntosh and his sister for the manufacture of steam engines. 

John MelIntosh was a boyhood friend living in Cayuga nearby. 
He had entered the Columbia School of Mines in the M.E. course, 
but had left college on account of poor health. His father had died, 
leaving a comfortable fortune. He had a strong mechanical bent, 
and an amateur shop where he built his own boats and engines, and 
had patented an adjustable valve seat and a new form of shaft 
governor. He had bought an interest in the old Phoenix [ron Works 
in Syracuse for a place where he might start building high-speed 
engines, but this newfangled foolishness did not appeal to the practi- 
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cal manager, on whom he had to rely, and McIntosh sold it back to 
the previous owners. 

He knew that Seymour was a more skillful designer than himself 
and that he was studying under Professor Richards, an expert in 
high-speed engines. It was agreed that Seymour should return to 
New Haven and work out the design of a new engine, using Mec- 
Intosh’s valve seat and governor, as his thesis project under Pro- 
fessor Richards’ direction. This was a neat way of obtaining the 
most expert advice available at no cost. It worked perfectly for it 
started them off on the right foot, and their success was a pride and 
satisfaction to Professor Richards throughout life. Few teachers 
have a student’s thesis become the basis of a great business. 

During the spring vacation McIntosh and Seymour bought their 
machine tools, most of them from Bement, Miles & Co. in Phila- 
delphia. They were the best they eould buy and some of them 
are still running. They purchased land in Auburn, built a shop 
40 ft by 80 ft, and by the end of the summer of 1886 began building 
their first engine. This was one of 35 hp, sold by their foreman, to 
run a grist mill. After 42 years’ service it is now installed as a monu- 
ment in the plant where it was built. 

Their rise was very rapid. Through the influence of a friend they 
installed 50-hp engines in the American Express buildings in New 
York and Boston. The performance of these engines secured them an 
aggressive, long-established selling agent who began sending in all 
the orders they could take, and repeated enlargements of their 
plant were called for. These were financed through loans, which at 
one time rose to $400,000, but were steadily reduced and paid off. 

To compete with the Corliss engine they went to larger sizes and 
brought out a successful high-speed, tandem compound in 1888. 
H. C. Patterson, who supervised the many operating companies 
controlled by the Thomson-Houston Company, gave them an order 
for one, and for four or five years he was their best customer for a 
widening variety of engines in constantly increasing sizes. As large 
direct-driven generators for central stations came in they developed 
telescoping patterns, enabling them to furnish five different strokes 
for a given piston-rod thrust, with a corresponding range of rotative 
speeds. This enabled them to give unbiased advice as to desirable 
speeds. The engines were equipped with positively driven, double 
piston valves and a shaft governor. Among many improvements 
Seymour developed a type of grid-iron valve, flexible enough to 
adapt itself to the warping of the valve seats, due to expansion under 
superheated steam. Harte Cooke and others added their con- 
tributions. For twenty years they built up experience, formulas, and 
design details which carried them with confidence into many types of 
engines and up to sizes of 8,000 hp. 

The most famous of these engines were the three 5,000-kw double, 
combined horizontal and vertical engines at the Redondo plant of the 
Pacific Light & Power Co., near Los Angeles, 34 in. and 70 in. by 
56 in., direct connected to an alternator. Their rated speed was 
100 rpm, steam pressure 175 psi 100 deg superheat. The contract 
guarantee for a 90-day variable load station test, under normal run- 
ning conditions, with a 4'/2 hr daily shutdown, was 170 kwhr per 
barrel of fuel oil. This was 10 per cent higher than at any plant then 
on the Coast, and there was a heavy penalty and bonus clause on this 
guaranteed performance. 

The detailed report of this test was published by C. R. Weymouth 
in the 1908 Transactions of the A.S.M.E. (vol. 30, p. 775). The 
test showed 252.8 kwhr per barrel of oil for an average engine load of 
76 per cent of rated capacity. The mechanical efficiency was 96.50 
per cent. After a deduction of $50,000, allowed for shortening the 
test from 90 to 15 days, the engines earned a bonus of $364,000 on a 
contract price of a little less than $1,000,000. Some years later 
another test, run to check the above performance, showed a still 
higher economy. 

With these engines the reciprocating engine for central-station 
work reached its highest development. But the type was doomed. 
Within two years the steam turbine had supplanted it, and McIntosh 
and Seymour had to turn to some other field. 

But their record had been a proud one. They had started just 
as electric-power generation was coming into general use with a 
design peculiarly adapted to that service. Their experience had 
covered the whole range from the smallest up to the largest sizes. 
Their engines were in most of the large powerhouses of the country 
and had gone all over the world. Their foreign business had averaged 
30 per cent of the total and one year ran as high as 60 percent. This 
business had been built up from a capital investment of $35,000, 
a little over half of it supplied by McIntosh, one quarter by Seymour, 
and the rest by McIntosh’s sister. 

In 1900 Miss McIntosh retired from the partnership, selling her 
interest for fourteen times her original investment, and four new part- 
ners were taken in, one of them Harte Cooke, who remained with 
the firm through its various changes until his death in 1942. 


The firm was incorporated in 1911 as the McIntosh & Seymour 
Co., with McIntosh as president. But he never recovered from the 
blow of the collapse of the engine business. He soon retired and 
died a few years later, and Seymour succeeded him as_ president. 
The partnership of McIntosh and Seymour was a happy one, not 
only personally but for the good of the engineering profession as a 
whole. 

With the disappearance of large reciprocating engines the decision 
as to the future course fell upon Seymour. He had tempting offers 
to use the plant for the manufacture of steam turbines, but after 
traveling all over Europe studying possibilities, he proposed to Mr. 
Marcus Wallenberg, of Stockholm, Sweden, that he join in the 
formation of a new company, the McIntosh & Seymour Corp., to 
take over the McIntosh & Seymour Co. and manufacture in the 
United States a Diesel engine long in successful use in Sweden. This 
was done in 1913 and Mr. Seymour became chairman of the Board 
and consulting engineer, responsible for the design of all their Diese! 
engines up to 1923, when he resigned, although he continued as di- 
rector until 19386. In 1929 the McIntosh & Seymour Corp. became « 
wholly owned subsidiary of the American Locomotive Company. 

In 1931, Mr. Seymour was run down and badly injured by an 
automobile in Baltimore and never fully recovered from it. He 
and Mrs. Seymour traveled much, spending their winters South and 
West. Many will remember him on the Rocky Mountain Trip in 
1929. Age and failing strength made little impression on his mind 
and his keen interest in life. His strength gradually failed during 
his last year or so and he died at the Doctor’s Hospital in New York 
on June 28, 1943, at the age of 78. He was buried in the Fort Hil! 
Cemetery at Auburn, his lifelong home. 

He was survived by his widow, Marion Melita (Smith), whom 
he married on April 11, 1894; three children, Jane Chedell (Mrs 
Paul W. Hills), Mary Melita (Mrs. Pennington Sefton), and James 
Sayre Seymour, and six grandchildren, 

He was a member of the University and Yale Clubs (New York), 
the Graduate Club (New Haven), the Cloister (Yale University), 
and the Owasco Country Club in Auburn. He joined the A.S.M.E. 
in 1892, and was awarded honorary membership in the Society in 
1940. He was an associate-member of the American Society of 
Naval Architects and Marine Engineers, a trustee of the Seymour 
Public Library of Auburn, founded by a relative, and a member of 
the Newcomen Society. 

Mr. Seymour held many patents on parts and equipment for steam 
and Diesel engines. He received a gold medal at the Panama- 
Pacific Exposition in 1915 for regulating devices for Diesel engines 
In the first World War he aided the U.S. government in the develop- 
ment of Diesel engines for submarines. 

As an engineer James Seymour has an honored place in the long 
succession, from Newcomen down, of those who made the recipro- 
cating steam engine what it was. Building on their work, and add- 
ing his own contributions, he brought it to its highest perfection. 
When it was superseded by the steam turbine he turned his talents 
to the Diesel engine. 

His work as a designer was of the highest order. With his know|l- 
edge of power problems, his alert mind, and many friendships he was 
outstanding as an engineering salesman. As a manufacturer his 
products were always of the finest workmanship and gave long service. 
His long career was one of distinction and honor. 

Beneath his humor and personal charm was a fine steadiness and 
integrity. He was hurt by neither success nor disappointment. 
Reaching the top rank early he saw a life work crumble before a 
fundamental change in engineering practice and, undaunted, turned 
and carried on in another field. 

His personal charm endeared him to all who knew him. His 
capacity for friendship seemed limitless. All through life he made 
friends, everywhere, high and low, and never lost them. Could any 
professional success mean more?—[Biography prepared by Joserx 
W. Roe, Southport, Conn. Fellow and Melville Medalist, A.S.M.E. | 


BERNARD FRANCIS SHARPLEY (1912-1938) 


Bernard Francis Sharpley, who was elected a junior member of 
the A.S.M.E. in August, 1937, died on December 18, 1938, in San 
Francisco, Calif., where he was employed by the Pelton Water Whee! 
Company. 

Mr. Sharpley was born in Salt Lake City, Utah, on December 3, 
1912, son of Everett Batte and Ellen Frances Sharpley. After gradu- 
ation from the Santa Ana (Calif.) High School in 1930 he entered the 
University of California, at Berkeley. While in college he also 
worked as chemical laboratory assistant at the Santa Ana Junior 
College during the year 1931-1932, and was employed by the Western 
Auto Supply Company, Santa Ana, during the summer of 1933. An 
honor student in the Department of Mechanical Engineering, he 
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was graduated with a B.S. degree in 1934. He spent the next two 
years as teaching assistant at the university, working for his master’s 
degree, which was conferred in May, 1937; his thesis was on “The 
Correlation Between Evaporation and Heat Transfer by Free Con- 
vection From Horizontal Circular Surfaces.” 

Mr. Sharpley began work for the Pelton Water Wheel Company 
in May, 1936, as a junior engineer, engaged in the development and 
testing of hydraulic machinery. 

Surviving him were his parents and his widow, Mary Lou Sharpley. 


THOMAS COWDIN SHELDON (1850-1936) 


Thomas Cowdin Sheldon, treasurer, secretary, and general man- 
ager of the Fitchburg Duck Mills, Fitchburg, Mass., with which he 
had been associated since 1893, died on October 16, 1936. Mr. 
Sheldon was a native of Fitchburg, where he was born on November 
20, 1850, the only son of Francis and Martha Sophia (Cowdin) 
Sheldon. 

He attended the Fitchburg public schools and then for a time was 
associated with his father in the construction of mills and dams in 
Fitchburg and vicinity. Subsequently he studied civil engineering 
under George Raymond, Fitchburg’s first city engineer, and in 1875 
he succeeded Mr. Raymond in that office. He held this position for 
six years, serving also as clerk of the common council during the last 
two years. 

Mr. Sheldon’s next position was with the Lancaster Mills, at Clin- 
ton, Mass., as civil and mechanical engineer in charge of the enlarge- 
ment and reconstruction of the plant. At the beginning of 1883 he 
went to Boston to become mechanical engineer for the Jennings 
Machine Company. The following year he was made superintendent 
of the Lancaster Mills at Boylston, Mass., where he continued 
until becoming agent for the Fitchburg Duck Mills in 1893. 

The Fitchburg Duck Mills, built in 1844, were incorporated in 
1905, at which time Mr. Sheldon was made treasurer. He served 
as president in 1910-1911, and since then had been treasurer, secre- 
tary, and general manager. Under his guidance the mills, which 
manufactured cotton paper felts, were able to operate continuously 
throughout the depression, and his experience and knowledge were 
frequently called upon in conferences of the industry. 

Mr. Sheldon also rendered public service as an associate county 
commissioner from 1909 to 1921 and as a city water commissioner 
from 1909 until 1916 (chairman of the commission, 1913-1916). In 
the spring of 1936 he was appointed a member of the Nashua River 
Flood Control Committee and gave valuable service in that capacity. 

He was a director of the former Wachusett National Bank, a 
trustee of the Worcester North Savings Institution, a member and 
former treasurer of the First Parish (Unitarian) Church, Fitchburg, 
and a Mason and Knight Templar. He belonged to the Fitchburg 
Historical Society and Chamber of Commerce and the Clinton lodge 
of Odd Feilows. He had been a member of the A.S.M.E. since 
1884. 

Mr. Sheldon was first married in 1877, his wife being Florence 
Wendell Stevens, who died in 1894. In 1933 he married Helen 
Bartlett Smith, of Provincetown, Mass., who survives him. 


GEORGE HUGH SHEPARD (1870-1939) 


George Hugh Shepard, professor of industrial engineering and 
management at Purdue University for twenty years, died on July 
30, 1939. 

Professor Shepard was born at Trempealeau, Wis., on December 
28, 1870, the son of Dr. Gilbert and Helen (Coman) Shepard. He 
attended high school in La Crosse, Wis., after which he entered the 
U.S. Naval Academy. Following his graduation he served as an 
engineer cadet on the U.S.S. Atlanta from June, 1891, to May, 1893, 
when he was advanced to assistant engineer in the Navy. After 
three years aboard the U.S.S. Columbia he was stationed successively 
at the New York Navy Yard, Cramp’s shipyard, Philadelphia, Pa., 
the Mare Island Navy Yard, and the Naval Station at Key West, 
Fla. He also participated in the Spanish-American War. He was 
retired in 1898 for physical disability. In 1917, during World War 
I, he returned to active naval duty, serving as efficiency engineer at 
the Norfolk Navy Yard with the rank of lieutenant-commander, 
and following the war he was retired with that rank. 

After leaving the Navy in 1898 he was for three years instructor 
in machine design and for one year in mechanical engineering at 
Cornell University, where he secured the degree of M.M.E. in 1902. 
He then became associate professor of steam engineering at Syracuse 
University, which advanced him to a full professorship in experi- 
mental engineering and machine design in 1905 and appointed him 
dean of the College of Applied Science in 1909. He gave up this 
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post in 1911, to become associated with Harrington Emerson, in- 
dustrial engineer, in the Emerson Company, with which he con- 
tinued until re-entering the naval service in 1917. He joined the fac- 
ulty at Purdue University in 1919. 

A tribute to Professor Shepard published in 1940 by the Society 
for the Promotion of Engineering, of which he was a member, said, 
in part, ‘‘In his thirty-five years as a teacher he continuously cham- 
pioned the cause of industrial effectiveness and, more important 
still, the cause of personal efficiency on the part of his students. To 
many thousands of young men he brought home the necessity of so 
budgeting time that a full and satisfying life could be lived on twenty- 
four hours a day.”’ 

Professor Shepard had been a member of the A.S.M.E. since 
1903. As a member of the Society of Industrial Engineers he partici- 
pated in its committee work on the elimination of fatigue. The 
honorary fraternities of Tau Beta Pi and Sigma Xi elected him to 
membership and he also belonged to Phi Gamma Delta and to 
several clubs. He was the author of numerous articles published 
in the technical press and of books on ‘“‘The Application of Efficiency 
Principles” (1917), ‘‘Principles of Management” (1924), and ‘‘Ele- 
ments of Industrial Engineering’’ (1928). 

Professor Shepard was married twice. His first wife, Jessie (Watts) 
Shepard, died in 1928. They had one son, Andrew Gilbert Shepard, 
a commander in the U.S. Navy at the time of his father’s death. 
His second wife, Beatrice (McFarland) Shepard, whom he married in 
1930, survived him. 


MAYNARD HILLIER SPEAR (1874-1937) 


Maynard Hillier Spear, manager of the Queens district of the Con- 
solidated Edison Company of New York, Inc., with office in Flushing, 
L.1., died in New York, N.Y., on May 19, 1937. He was survived 
by his widow, Daisy (Edwards) Spear, whom he married in 1899, 
and by one child, Emilie S. Spear. 

Mr. Spear was born on March 29, 1874, in Brooklyn, N.Y., son of 
Alfred and Mary (Gillespie) Spear. He attended Brooklyn Poly- 
technic Institute and Stevens Institute of Technology and his first 
position was with the Bayonne Chemical Works, Bayonne, N.J., 
1895-1896, as assistant superintendent in connection with the manu- 
facture of nitric and sulphuric acids for the production of nitro- 
glycerine. In 1896 he entered the employ of the Standard Gas 
Light Company, New York, where he was assistant engineer, super- 
intending alterations made to generators and boilerhouses and in- 
stalling new gas-making apparatus and boilers. After three years in 
that work he resigned and went to Hornell, N.Y., to become super- 
intendent of the Hornell Gas Light Company. He had entire charge 
of the office of this company and while there designed and supervised 
changes in the gas holder and made improvements in the distribution 
system. He returned to New York in 1901 and for about a year was 
assistant to Joseph Edwards, of Joseph Edwards & Co., in charge of 
the design and estimates for centrifugal pumping outfits. 

Mr. Spear’s work in Flushing began in the fall of 1902, when he 
took the position of superintendent of the Newton & Flushing Gas 
Co. In 1904 this company merged with the New York & Queens 
Gas Co. In January, 1905, Mr. Spear went to Williamsport, Pa., to 
recommend improvements in the separation plant of the Williams- 
port Gas Company. He remained there for about a year and a half, 
redesigning the plant and installing new equipment, and serving as 
general manager of the company. He returned to Flushing in 1906 
as manager of the New York & Queens Gas Co.; became its secretary 
and general manager in 1908; vice-president in 1920 and director 
four years later, continuing to serve as general manager; and presi- 
dent in 1928. In 1913 the company came under the control of the 
Consolidated Gas Company of New York, which in 1936 became the 
Consolidated Edison Company of New York, Inc. Mr. Spear con- 
tinued as president of the New York & Queens Gas Co. from 1928 
until 1936, and since then had been manager of the Queens district 
of the Consolidated company. 

Mr. Spear became a member of the A.S.M.E. in 1915. He had 
been a member of the Society of Gas Lighting since 1909 and its 
secretary since 1929, and was a member of the American Gas As- 
sociation, as a delegate from his company. He had served as presi- 
dent of the Society of Gas and Electric Accountants, a former as- 
sociation of men within the Consolidated system, and had been a 
member of the Society of Gas Engineering, also a consolidated group, 
since 1914. He was also a member and past-president of the Flushing 
United Association, was on the Board of Managers of the Flushing 
Y.M.C.A., and belonged to the Lions Club and the Flushing Histori- 
cal Society. He was an enthusiastic golfer and belonged to the 
Shelter Rock Country Club. 

During World War I Mr. Spear was connected with the Ordnance 
Department, in the Production Division, New York. 
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ALBERT J. STRONG (1874-1939) 


Albert J. Strong, who died on October 26, 1939, at Orlando, Fla., 
after an illness of several months, was born near Kalamazoo, Mich., 
on September 29, 1874, son of Arthur and Fannie (Anderson) Strong. 
He secured his early education in Kalamazoo public schools and 
Kalamazoo College, and served an apprenticeship as a machinist 
there prior to entering the Michigan Agricultural College (now Michi- 
gan State College of Agriculture and Applied Science) as an engineer- 
ing student in 1900. 

After two years in college he worked as a machinist for a year and 
as a draftsman for several years for various companies in Wisconsin, 
Michigan, and Illinois. In 1909 he began teaching at the East 
Side High School in Waterloo, Iowa, where he gave instruction in 
manual training for three years. He then joined the faculty at the 
University of Florida. He was assistant professor of mechanical 
engineering until 1919, and after a leave of absence returned to serve 
as professor of drawing and mechanic arts. He was head of this 
department for many years and was professor of drawing in the 
Department of Mechanical Engineering at the time of his death. 

Professor Strong attended summer sessions at the University of 
Michigan in 1913-1916 and later completed work at the University 
of Florida to secure a B.S.M.E. degree in 1925. He had also taken 
courses at Cornell University, and the universities of Wisconsin and 
California. 

He had been a member of the A.S.M.E. since 1927 and served 
on the executive committee of the Florida Section in 1935-1936 and 
again in 1938-1939. He also belonged to the Society for the Promo- 
tion of Engineering Education, American Foundrymen’s Association, 
and Florida Engineering Society, of which he was treasurer in 1916 
1917, to the Methodist Church, Gainesville, and to the Gainesville 
Golf and Country Club. He was survived by his widow, Cora M. 
(Snell) Strong, whom he married if 1912, a brother, W. A. Strong, of 
Kalamazoo, and a sister, Mrs. O. A. Allen, of Alma, Mich. 


‘ 


JOHN ALBERT SWITZER (1871-1939) 


John Albert Switzer, professor of hydraulic and sanitary engineer- 
ing at the University of Tennessee and consulting engineer well 
known for his studies of water power resources in Tennessee, died at 
his home in Bearden, near Knoxville, on April 20, 1939. He jcined 
the university's faculty in 1908 as assistant professor of experimental 
engineering and was advanced to an associate professorship in that 
subject soon afterward. He was appointed professor of hydraulic 
engineering in 1912, and the development of the courses in this 
subject and in sanitary engineering, which were begun about ten 
vears later, may be credited largely to his practical knowledge of the 
problems involved in these fields. 

Professor Switzer was born in Brooklyn, N.Y., on May 21, 1871, son 
of John Augustus and Mary Ellen (Whitmore) Switzer. He secured 
his early education in private schools, attended the University of 
Wisconsin, and received an M.E. degree in electrical engineering at 
Cornell University in 1896. His thesis subject was ‘‘The Photo- 
graphing of Alternating Currents by Means of the Rotation of the 
Plane of Polarization of a Beam of Polarized Light.’’ He was the 
first person ever to photograph an alternating current. His work 
antedated the invention of the oscillograph. He began his work as 
a teacher at the high school in Aurora, Ill., where he had the courses 
in physics and chemistry for the year following his graduation from 
Cornell. Then he went to the University of Pennsylvania as in- 
structor in physics, and two years later to the Northern Illinois 
State Normal! College as professor of physics. 

At the close of the college year in 1904, he became chief engineer 
of the Rosebud Irrigation Company, at Bridger, Mont., and the 
following year was assistant engineer of the Biilings (Mont.) Land & 
Irrigation Company. Then he was connected with the Pitometer 
Company, of Chicago, Ill., serving as pitometer expert for the 
Bureau of Filtration, Philadelphia, Pa. Finally, he was assistant 
sales manager for the Morse Chain Company, Ithaca, N.Y., prior 
to returning to teaching at the University of Tennessee. 

Professor Switzer was for some time hydraulic engineer for the 
Tennessee State Geological Survey and a number of his reports were 
published in the Resources of Tennessee issued by the Survey. He 
was also a frequent contributor to other publications in the technical 
field. In a survey of hydroelectric power possibilities in Tennessee, 
made for the American Electrochemical Society, he suggested twenty- 
six sites for dams, with the Cove Creek site at the head of the list. 
It was here that the Norris Dam was later built under the Tennessee 
Valley Authority. 

During World War I Professor Switzer was in charge of vocational 
training in the Motor Transport Section of the Student Army Train- 
ing Corps at the University of Tennessee. 


OF THE A.S.M.E. 


A member of the A.S.M.E. since 1912, he was honorary chairman 
of the Student Branch at the University of Tennessee for two periods, 
1926-1928 and 1937-1939. He was also a member of the Executive 
Committee of the Knoxville Section of the Society from 1927 to 
1931, serving as chairman in 1928, He belonged to the American 
Society for Testing Materials, and American Water Works Associa- 
tion, and had been made a life member of the Knoxville Technical 
Society. He was always active in the University of Wisconsin Club 
and the Cornell Club, and was a member of Tau Beta Pi and Phi 
Kappa Phi. 

Professor Switzer was twice married. His first wife, Cora 
(Glidden) Switzer, whom he married in 1896, died in 1903, leaving 
two sons. He was survived by his second wife, Emma Massey 
(Lewis) Switzer, formerly of Ithaca, whom he married in 1908, and 
by their five daughters and five sons, as well as by three sisters and a 
brother. 


J(AMES) WALLACE TOWER (1871-1937) 


J(ames) Wallace Tower, consulting engineer and a partner in the 
firm of Hardy 8. Ferguson & Co., New York, N.Y., died of a heart 
attack in his apartment at the Hotel Flanders in that city on June 
21, 1937. He was unmarried and was the last surviving member of 
his family. 

Mr. Tower was born on October 4, 1871, in Holyoke, Mass., son of 
Charles Henry and Sarah (Young) Tower. He attended public 
schools in Holyoke and began his engineering experience with D. H. 
& A. B. Tower, paper mill engineers, Holyoke, by whom he was 
employed for two years, 1890-1892, as rodman and draftsman. In 
July, 1892, he became associated with E. A. Ellsworth, Holyoke 
civil engineer, as draftsman and assistant engineer on city surveying, 
paper mill plans, and water works surveys and cost estimates. At 
the beginning of 1896 he was put in charge of the drafting room and 
during the next three years worked on plans for paper mills, manu- 
facturing plants, and electric light and power plants. 

In March, 1899, Mr. Tower took the position of principal assistant 
engineer for the Great Northern Paper Company, Millinocket, Maine. 
He helped to plan, erect, and equip an eight-machine paper and 
sulphite mill, with water-power development, at Millinocket, a four- 
machine paper and pulp mill, with water power, at East Millinocket, 
and other plants, continuing with the company for twelve years. 
During the last eight years of this period he also worked with Mr. 
Ferguson, whose office was in Millinocket at that time, on plans for 
paper mills and accompanying power developments in Maine, New 
Hampshire, and New York. 

When Mr. Ferguson moved his office to New York in 1911 Mr. 
Tower went with him to take charge of the design and specifications 
for buildings and mechanical equipment for paper and pulp mills. 
He became a member of the firm in January, 1929. Many plants 
in the United States and Canada were developed under his super- 
vision. 

Mr. Tower had been a member of the A.S.M.E. since 1914 and was 
also a member of the American Society of Civil Engineers, a 32nd 
degree Mason, Shriner, and Knight Templar. He belonged to the 
National Travel Club and had made many trips to the Mediterranean 
and the islands in the South Atlantic. He was an ardent stamp col- 
lector and amateur photographer. He was president of the Tower 
Genealogical Society, incorporated in 1909. 


THOMAS TOWN 


(1867-1939) 


Thomas Towne, whose death occurred at his home in New York, 
N.Y., on January 30, 1939, was born in Auburn, N.Y., on July 2, 
1867. He attended the Adelphi ‘Academy, Brooklyn, N.Y., and the 
Wallkill Academy, Middletown, N.Y., and from 1885 to 1887 served 
as an apprentice in the office and shop of the Orange County Furnace 
at Middletown. He gained further shop experience with the Garvin 
Machine Company, New York, 1887-1891, then became eastern sales 
agent, at New York, for the Union Drawn Steel Company, of Beavers 
Falls, Pa. He remained with this company for some twenty years, 
becoming general manager of sales in 1913. 

About 1915 Mr. Towne took the position of general manager of the 
Swedish Iron & Steel Corp., New York, and two years later also be- 
came its vice-president. After the organization was merged with 
the Federal Tool & Alloy Steel Corp. in 1918, he continued as first vice- 
president, general manager, and a director of this corporation for 
several years. Subsequently he was eastern sales manager at New 
York for the Fitzsimons Company, of Youngstown, Ohio, and 
tor a time served as its general sales manager. In this com- 
pany, also engaged in the cold drawn steel industry, as in his 
previous connections, Mr. Towne was a factor in the development of 
cold finished bar steel. 
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Mr. Towne had been an associate of the A.S.M.E. since 1895. He 
was a member of the Engineers’ Club, New York, and the Orange 
County Society. He was greatly interested in rare editions, oriental 
rugs, and tapestry. His wife, Hazel Towne, who survived him, has 
since died. A sister, Mrs. Ethel M. Raemier, of Hollywood, Calif., is 
his closest surviving relative.—-[Biography compiled from best ob- 
tainable information, not all of which could be verified. | 

PAUL ANTHONY TROST (1877-1937) 

Paul Anthony Trost, long associated with George F. Hardy, Mem. 
A.S.M.E., in work for the paper and pulp industry, died on April 
13, 1937. He was born on March 9, 1877, at Jersey City, N.J., the 
third child of Paul and Margaret Trost. After graduation from high 
school, he was at the U.S. Naval Academy for a time and was tutored 
privately in architecture and engineering. In 1897-1898 he secured 
some practical experience and training under several architects and 
*ngineers in New York and vicinity, then obtained a position in the 
Engineering Department of the International Paper Company, whose 
offices were in New York, N.Y. He was assigned as assistant to one 
of that company’s division engineers, W. R. Farnsworth, whose head- 
quarters were in Turners Falls, Mass., and who had supervision over 
new construction and maintenance of the company’s mills in Mas- 
sachusetts, Vermont, and New Hampshire. Mr. Trost held this 
position until November, 1901, and then conducted a mapping 
business for several months. 

Mr. Hardy was chief engineer of the International Paper Company 
from 1898 to late 1901, when he opened an office in New York for 
general consulting and designing work in the pulp and paper industry. 
In March, 1902, Mr. Trost joined him as one of his principal as- 
sistants, remaining as such until his death. In the year 1918, while 
Mr. Hardy was New York district manager of supply for the Emer- 
gency Fleet Corporation, Mr. Trost was also his principal assistant, 
returning with him to the pulp and paper industry when the war was 
over. In this association he was prominently identified with many 
plants in the United States and Canada and was highly esteemed in 
the industry and by his associates. 

Mr. Trost had been a member of the A.S.M.E. since 1920 and was 
also a member of the American Society of Civil Engineers and The 
Engineering Institute of Canada. He was a 32nd degree Mason and 
a Knight Templar, and belonged to the fraternal orders of the Elks 
and Odd Fellows. 

Mr. Trost’s widow, Mildred C. (Smith) Trost, whom he married 
in 1918, survived him but has since died. He was also survived by 
a step-daughter, Mildred E. Brush, of Teaneck, N.J., and by several 
brothers and a sister, residing in various parts of the United States. 


CHARLES COIT TYLER (1861-1937) 


Charles Coit Tyler, who retired from engineering work in 1926, died 
at his home in Hartford, Conn., on February 21, 1937, after an ill- 
ness of some weeks. After excellent training as a machinist and tool- 
maker, he served several companies in supervision of manufacturing 
before becoming associated with the Remington Arms Company, 
with which he was identified from 1909 until his retirement. 

Mr. Tyler was born on August 9, 1861, at Jewett City, Conn., 
where his father, Lemuel Tyler, was for many years a bank cashier. 
His mother was Mary Danielson (Coit) Tyler. After a public school 
education he served an apprenticeship as a machinist with the Ash- 
land Cotton Mill Company, Jewett City, from 1879 to 1881. He then 
went to Hartford to work as machinist and tookmaker for the Billings 
& Spencer Co. Being particularly interested in fine, delicate, and 
accurate work, he left this position to secure experience in tookmaking 
for watch manufacturing companies. He was employed by a num- 
ber of such companies located in Fredonia, N.Y., Elgin, Ill., Spring- 
field and Waltham, Mass., and Thomaston, Conn., during the years 
1882-1886, and became expert in the work. While with the Cheshire 
(Conn.) Watch Company, 1886-1890, where he served as master 
mechanic and foreman, he developed numerous processes for reducing 
the cost of production and designed several machines for watch work. 
Later, with the Waterbury (Conn.) Watch Company, he invented a 
new swaging process for the manufacture of milling cutters, which he 
further developed in the plant of the Pratt & Whitney Co. at Hart- 
ford, whose employ he entered in 1891. Here he also designed and 
built an extensive line of precision bench machinery and established 
the model department, of which he was made foreman. He was 
assistant superintendent of the company, 1895-1898, and superinten- 
dent. the following year, then left to become assistant superintendent 
of the East Pittsburgh, Pa., and Cieveland, Ohio, works of the 
Westinghouse Electric & Manufacturing Co. He was promoted to 
the position of superintendent in 1901 and in that capacity had charge 
of the rapidly expanding production activities of the company. 
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Subsequently Mr. Tyler was general superintendent of the Allis- 
Chalmers Company, Milwaukee, Wis., with supervision over seven 
plants, 1904-1905; manager of works for the National Cash Register 
Company, Dayton, Ohio, 1906-1907; and vice-president of the Long- 
Arm System Company, Cleveland, Ohio, 1907-1908. 

He then became works manager of the plant of the Remington 
Arms Company at Ilion, N.Y., where he introduced many improved 
manufacturing processes with such beneficial results that he was made 
general manager of works in 1910, having charge of the Bridgeport, 
Conn., plant of the Union Metallic Cartridge Company, an affiliated 
company, as well as the works at Ilion. He resigned in 1913 be- 
cause of the illness of his wife, but continued to serve the company 
in an advisory capacity. He was acting temporarily as manager 
of the Bridgeport plant in 1914 when World War I began, and took 
part in the expansion of the company’s manufacturing facilities 
necessitated by the tremendous increase in orders for rifles and am- 
munition. In 1916 he was placed in charge of the ammunition 
works and under his management the weekly rate of production of 
cartridges increased from three to twenty million within a year. 
When the United States entered the war, Mr. Tyler was placed in 
charge of the five plants of the company, with the title of vice- 
president. His control of manufacturing operations resulted in an 
enormous production of munitions, the company’s output of cart- 
ridges alone exceeding the combined production of four other Ameri- 
can manufacturers and the government's arsenal at Frankfort, Pa. 

Mr. Tyler was chairman of each of four committees, representing 
all manufacturers of small arms and small arms ammunition, created 
at the suggestion of United States ordnance officers in 1917 to secure 
united effort and harmonious action. These committees, early in 
1918, were merged into the American Society of Manufacturers of 
Small Arms and Ammunition, of which Mr. Tyler was president until 
after the armistice. He resigned from active duty on January 1, 
1919, but continued to serve the Remington Arms Company as a 
vice-president in an advisory capacity until June, 1926, when he 
retired. 

Mr. Tyler had been a member of the A.S.M.E. since 1897. His 
paper on “‘A Proposed Standard for Machine Screw Thread Sizes,” 
presented at the Boston meeting of the Society in 1902, led to the 
appointment of a Committee on Standard Proportions for Machine 
Screws, of which he was a member for five years. At the New York 
meeting in 1902 he presented a paper on ‘The Use of a Surveying 
Instrument in Machine Shop Practice." He belonged to a number 
of clubs, including the Union League, Bankers, and Engineers’, 
New York, Hartford Club, and Fort Schuyler Club, Utiea, N.Y. 

In 1891 he married Hattie Blakeslee Atwater, of Cheshire, who 
died in 1932. They had no children, and his nearest surviving rela- 
tive was his brother, Robert Shipman Tyler, of West Hartford. 
[Based on biography published by The National Cyclopaedia of 
American Biography, vol. C, page 389.] 


ADOLPH WILLIAM WAERN (1873-1939) 


Adolph William Waern, consulting engineer in the pulp and paper 
industry, died at his home in West Asheville, N.C., on June 10, 1939. 

Mr. Waern was born in Billingsfors, Sweden, on December 8, 1873, 
son of Adolph William and Ebba Aurora (Malmborg) Waern. After 
graduation from the Chalmers Technical Institute in Gothenburg, 
Sweden, in 1894, with the highest honors in mechanical engineering, 
he was employed as a draftsman at the Wermbohl Mills, Sweden, 
for a year, and then spent about five years in the capacity of designer 
at the Billingsfors Mills, where he had already become familiar with 
machine shop work during his college years. 

Mr. Waern was first employed in the United States as a draftsman 
for the American Coke & Gas Co., Camden, N.J., in 1902-1903. 
He next entered the service of the Bethlehem (Pa.) Steel Company, 
where he worked as a draftsman and assistant to the chief engineer, 
in charge of the Engineering Department, until 1007. Subsequently 
he was chief engineer for the Machine Sales Company, Peabody, 
Mass., for a time, then returned to the Bethlehem Steel as designer 
of heavy hydraulic machinery and machine tools in the Engineering 
Department. He left the company in 1909 to become a member 
of the consulting firm of J. H. Wallace & Co., New York, with which 
he was associated until 1924. The Southern Paper Company plant 
at Moss Point, Miss., was among those he designed and built, and 
during World War I he designed the cotton purification plant at 
Nitro, W.Va., for the U.S. government and worked as superintendent 
for Area R. 

From 1924 to 1927 Mr. Waern was general superintendent for the 
Ontonagon (Mich.) Fibre Company, and during the remainder of his 
life carried on consulting work for the Champion Fibre Company, 
Nekoosa Edwards Company, and others, with headquarters in Can- 


ton, N.C., for a number of years. He was one of the pioneers of 


the sulphate mdustry in the South and had patented a sulphate re- 
covery furnace and other equipment for the industry. 

Mr. Waern had been a member of the A.S.M.E. since 1908 and 
also belonged to the American Pulp and Paper Mill Superintendents 
Association and the Technical Association of the Pulp and Paper 
Industry. He became a citizen of the United States in 1910. He 
was survived by his widow, Lilly Augusta (Meurling) Waern, whom 
he married in 1898, 


WILLIAM SBARS WASHBURN (1860-1988) 


William Sears Washburn died on June 1, 1938, in a hospital in 
Brockton, Mass., where he had resided for many years. He had 
suffered a heart attack the previous week, while visiting friends on 
Cape Cod, and had requested that he be taken back to Brockton. 

Mr. Washburn was born in Mast Bridgewater, Mass., on Novem- 
ber 28, 1860, son of Benjamin F. and Hannah R. (Sears) Washburn. 
He attended the East Bridgewater schools, graduating from its high 
school in 1877 and from the Worcester Polytechnic Institute in [882 
with a B.S. degree in mechanical engineering. 

During the first three years after his graduation from W.P.1. Mr. 
Washburn was engaged in drafting and design with the Brayton 
Petroleum Engine Company and Carver Cotton Gin Company, 
East Bridgewater, and Howe & Chandler, mechanical engineers, 
Boston. In January, 1885, he became a partner in the Howe & 
Chandler organization, which subsequently became Chandler & 
Washburn, manufacturers of quick-action vises. He left the firm at 
the beginning of 1890 to become draftsman for the Blair Camera 
Company, Boston, in charge of manufacturing. He was employed 
by S. N. Turner as manager of the Boston Camera Manufacturing 
Company from July, 1892, to January, 1895, and was in charge of 
the manufacture of the Bulls-Eye Camera. Mr. Turner's entire busi- 
ness was purchased by the Eastman Kodak Company in August, 1895. 

For the next ten years Mr. Washburn was a partner in the firm 
of Churchill & Washburn, Brockton, contracting steam heating and 
plumbing engineers. After they sold the business to the J. E. Hol- 
land Co. in 1905 he spent two years as manager of the Lever Sus- 
pension Brake Company, Boston, developing a car brake attachment. 
From 1907 until the company liquidated in 1928 he was credit manager 
for the Whitman & Keith Co., Brockton, shoe manufacturers. 

Flowers always had been Mr. Washburn’s hobby and for a num- 
ber of years after his retirement from business he engaged in growing 
and selling potted plants. He developed and patented a plant 


stand for florists and devoted part of his time to its manufacture. 
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Inthusiastic about bowling, he played on the team of the Brockton 
Commercial Club, to which he had belonged since 1899, through the 
last spring season prior to his death. He was a Royal Arch Mason, 
a member of the Brockton Council, and for some fifteen years sword 
bearer in the Bay State Commandery of Knights Templar. He at- 
tended the South Congregational Church, Brockton. He had been 
a member of the A.S.M.E. since I801. In that same year he married 
Emma C. Whitman, of East Bridgewater, who died in 1915. No 
near relatives survived him. 


FRANK WATSON (1870-19389) 


Frank Watson, of New Hartford, Conn., died of nephritis on 
April 28, 1939, in the Charlotte Hungerford Hospital, Torrington, 
Conn. He had been a resident of New Hartford for more than 
twenty vears and had served on its school board and been a member 
of the Chamber of Commerce and Republican Town Committee 


there. For some vears prior to going to New Hartford he resided in 
Lexington, Mass. Ile had not been active in engineering work since 


Mr. Watson was born at Jericho, L.I., N.Y., on June 15, 1S70, son 
of Gaylord and Ann Elizabeth (Stewart) Watson. He attended 
the home schools, Professor Carpenter's private school, and Brooklyn 
Polytechnic Institute and served an apprenticeship in drafting and 
shop work with the Brady Manufacturing Company, Brooklyn, N.Y. 
From 1893 to 1896 he was connected with the Pneumatic Torpedo 
Construction Company, New York, N.Y., inspecting guns at the 
West Point Foundry, Cold Spring, N.Y.; erecting gun batteries at 
Sandy Hook, N.J., and at Presidio, San Francisco, Calif.; and 
mounting and manipulating 15-in. guns aboard the Brazilian war- 
ship Nicthroy. 

During 1896-1898 he was employed by the American Air Power 
Company, New York, to supervise their compressing station at 129th 
Street. From then until his retirement he was with the Dickson 
Locomotive Works, of Scranton, Pa., engaged in the inspection and 
supervision of construction of guns for the Pneumatic Construction 
Company and installing them at Fishers Island, N.Y., and Hilton- 
head, 8.C. 

Mr. Watson had been a junior member of the A.S.M.E. since 1893 
and was a Mason. Surviving him were his widow, Ethel Melcher 
(Collins) Watson, whom he married in 1901, a son, Gaylord 
Watson, of New Hartford, and a daughter, Elisabeth (Mrs. William 
Bernhart), of West Hartford, Conn. 
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$0.25 
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1939), $0.40 
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Chucks and Chuck Jaws (B5.8—1936), $0.45 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1943), 30.50 

Spindle Noses and Arbors (B5.18—1943), $0.25 

Tool Shanks and Tool Posts (B5.2—1943), $0.35 

Shafting and Stock Keys (B17.1—1943), $0.45 

Markings for Grinding Wheels (B5.17—1943), $0.25 

Involute Splines, Side Bearings (B5.15—1939), $0.65 

Jig Bushings (B5.6—1941), $0.35 

Lathe Spindle Noses (B5.9—1936), $0.50 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.35 

Twist Drills (B5.12—1940), $0.55 

Code for Design of Transmission Shafting (B17e—1927), $0.75 

Shafting and Stock Keys (B17.1—1934), $0.45 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.60 

Screw Thread Gages and Gaging (B1.2—1941), $0.60 

Acme and Other Translating Threads (B1.3—1941), $0.45 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 


BOILER CONSTRUCTION CODE 


1943 Editions: 
Locomotive Boiler Code, $0.75 
Low-Pressure Heating Boiler Code, $0.75 
Miniature Boiler Code, $0.50 
Power Boiler Code, $2.25 
Specifications for Materials. $2.25 
Suggested Rules for Power Boilers, $1.00 


TRANSACTIONS OF THE A.S.M.E. 


Unfired Pressure Vessel Code, $1.50 
Welding Qualifications, $0.65 
Boiler Code Interpretation Service, $5.00 annually 
API-ASME Code for Unfired Pressure Vessels 
1943 Edition, $1.25 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test CopEs FoR 


Atmospheric Water-Cooling Equipment (1930), $0.45 

Compressors and Exhausters (1935), $0.95 

Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.75 

Dust Separating Apparatus (1941), $0.90 

Fvaporating Apparatus (1941), $0.50 

Feedwater Heaters (1927), $0.35 

Gas Producers (1928), $0.55 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.60 

Internal-Combustion Engines (1930), $0.55 

Liquid Fuels (1930), $0.35 

Reciprocating Steam Engines (1935), $0.65 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 

Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 

Stationary Steam-Generating Units (1936), $0.60 

Steam Condensing Apparatus (1938), $0.65 

Steam Locomotives (1941), $0.55 

Steam Turbines (1941), $2.50 

Appendix to Test Code for Steam Turbines (1943), $1.50 


AUXILIARY SECTIONS 


General Instructions (1929), $0.35 
Definitions and Values (1931), $0.40 
Part 1—General Considerations (1935), $0.35. 
Part 2—Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.60 
Chapter 2, Static and Total Pressure, Static Holes and 
Tubes, and Chapter 3, Pipes for Pressure Measurement 
(1936), $0.65 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.65 
Chapter 5, Liquid Column Gages (1942), $0.75 
Part 3—Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.55 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.65 
Chapter 8, Optical Pyrometers (1940), $0.35 
Part 4—Head Measuring Apparatus (1933), $0.35 
Part 5—Chapter 4, Flow Measurement by Means of Standardized 
Noazles and Orifice Plates (1940), $2.75 
Part 6—Electrical Measurements (1934), $1.25 
Part S—Measurement of Indicated Horsepower (1941), $0.75 
Part 9—Heat of Combustion (1943), $0.40 
Part 10—Flue and Exhaust Gas Analyses (1936), $1.35 
Part 11—Determination of Quality of Steam (1931), $0.45 
Part 12—Measurement of Time (1942), $0.40 
Part 13—Speed Measurements (1939), $0.45 
Part 14—Linear Measurements (1936), $0.55 
Part 15—Measurement of Surface Areas (1937), $0.75 
Part 16—Density Determinations (1931), $0.30 
Part 17—Determination of the Viscosity of Liquids (1931), $0.45 
Part 18—Humidity Determinations (1932), $0.50 
Part 20—Smoke-Density Determinations (1936), $0.65 
Part 21—Leakage Measurements (1942), $0.60 


RESEARCH 

Fluid Meters: 
Part 1—Theory and Application (1937), $3.00 
Part 2—Description of Meters (1931), $1.75 
Part 3—Selection and Installation (1933), $1.50 

Report of the A.G.A.-A.S.M.E. Committee on Orifice Coefficients 
(1935), $2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Bibliography on Cutting of Metals (1866-1930), $1.25 


SOCIETY RECORDS 


Bibliography on Deterioration of Condensing Equipment (1845- 
1930), $1.25 

Bibliography on Management Literature and Supplement (1903- 
1935), $2.75 

Bibliography on Mechanical Springs (1678-1927), $1.25 

Bibliography on Woods of the World (1928), $1.25 

Bibliography on Marketing Research (1935), $1.00 


SAFETY CODES 


Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.50 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement) $1.00 

Elevator Inspectors’ Manual (A17.2—1937) $0.75 

Safety Code for Jacks (B30.1—1943), $0.30 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1927), $0.35 

Compressed-Air Machinery and Equipment (B19—1938), $0.30 


BIOGRAPHIES 


B‘ J)GRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Committee are as follows: 


Autobiography of John A. Brashear (1924), $5.00 

Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 

Autobiography of John Fritz (1940), $3.25 

Biography of James Hartness, by Joseph W. Roe (1937), $4.00 

Biography of Fred J. Miller (1941), $1.00 

Biography of John Stevens, by Archibald Douglas Turnbull (1928), 
$5.00 
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Biography of John Edson Sweet, by A. W. Smith (1925), $4.50 

Biography of Robert Henry Thurston, by William F. Durand (1929), 
$5.00 

Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 


BOOKS ON SPECIAL SUBJECTS 


Reflections on the Motive Power of Heat (1943), $2.75 

Corrosion-Resistant Metals (1936), $1.25 

Engineering’s Part in the Development of Civilization (1939), $1.50 

Flow of Water in Pipes and Pipe Fittings (1941), $8.00 

General Discussion on Lubrication (1938) (no discount), $6.50 

Hydraulic Laboratory Practice (1929), $10.00 

Hydraulic Structures (1937), $18.00 

1.S.A. Tolerance System (1942), $2.50 

Manual on Cutting of Metals (1939), $5.00 

1944 A.S.M.E. Mechanical Catalog and Directory, $3.00 (sent gratis 
to members upon request) 

Oil Engine Power Cost Report, $1.25 

Sixty Year Index to A.S.M.E. Technical Papers (1941), $3.75 

Surface Finish (1942) (no discount), $3.25 

Theoretical Steam Rate Tables (1937), $1.25 


PERIODICALS 


Mechanical Engineering*—Annual Subscription rate in United States 
$6; to Canada $6.75; elsewhere, $7.50 

A.S.M.E. Transactions,* including Journal of Applied Mechanics, 
Annual subscription rate in United States, $12, elsewhere, $12.75 


* Subscription price included in A.S.M.E. membership dues. 
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